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MATTHEW JOHN BERTIN 
THE CONTRIBUTION OF ACYL AMIDES TO THE TOXICITY OF THE 
HARMFUL ALGA PRYMNESIUM PARVUM 
(Under the direction of Dr. Peter D.R. Moeller) 
The golden alga Prymnesium parvum has been implicated in fish and aquatic 
animal kills globally for over a century_ In addition to widespread ecological impacts 
through the loss of entire fish populations within lakes, an economic burden is also felt by 
state and local agencies due to losses of fish raised for stocking lakes and the loss of 
fishing and recreational use of the affected water body. Multiple compounds have been 
implicated in P. parvum toxicity, but the unequivocal identification and characterization 
of all P. parvum toxins remains to be accomplished. In this work we isolated and 
structurally characterized toxic metabolites from P. parvum, examining uni-algal 
laboratory cultures and field collections of algal biomass from fish kill sites. 
An aggregate of saturated and unsaturated acyl ami des are a previously 
undescribed class of P. parvum toxins. The amount of acyl amides present at mUltiple P. 
parvum bloom sites and reference sites was quantified. Further analysis of these 
compounds through selected bioassays demonstrated that acyl amides were cytotoxic, 
hemolytic, and ichthyotoxic, with the gill as the site of action. In addition, we 
demonstrated that the presence of divalent cations and increased pH significantly 
increased the toxicity of unsaturated acyl amides. Moreover, increased pH decreased the 
toxicity of fatty acids, a class of compounds previously implicated in P. parvum toxicity. 
Multiple abiotic and biotic factors are associated with P. parvum blooms and the 
toxicity of these blooms. We analyzed the effect of multiple physicochemical parameters 
xv 
on the toxicity of acyl amides using an artificial neural network and linear statistical tests. 
Our results demonstrated that increasing pH is significantly associated with an increase in 
the toxicity of acyl amides. Mixtures of environmentally relevant concentrations of 
unsaturated acyl amides at ecologically relevant pH levels resulted in a significant loss of 
viability of rainbow trout gill cells. 
Our results have identified a new toxin class from P. parvum. This is the first 
report to demonstrate that a toxin class implicated in P. parvum toxicity accumulates to 
lethal levels in the environment. We have developed a new method for analyzing 
complex mixtures that can be utilized to assess the effect of multiple chemical and 
physical factors on toxicity. These results highlight the potential role of physicochemical 
factors and their effect on algal toxins after they are released into the environment, 




THE MICROALGA PRYMNESIUM PARVUM AND ITS ASSOCIATED 
TOXICITY 
I. INTRODUCTION 
"Unless you have actually seen a fish kill, it's one of the most devastating things that you 
can imagine, because you don't think of the sound of a stream until it's dead and it's just 
the eeriest silence that you can imagine. Everything right down to the insects was [sic] 
killed." 
'"- Resident of Dunkard Creek, WV interviewed after Prymnesium ]Jarvum fish kill 
Certain environmental conditions such as eutrophication that are conducive to 
microalgal and cyanobacterial growth will cause a rapid increase in cell concentrations of 
phytoplankton. These events are referred to generally as harmful algal blooms (HABs) 
(Van Dolah 2000). Out of the 3,000 dinoflagellate and diatom species known, only 2% 
have proved to be toxic or harmful (Zaccaroni and Scaravelli 2008). Blooms can vary in 
their severity of toxicity and demonstrate selectivity in the organisms they affect. Certain 
blooms result in water discoloration but are basically harmless to aquatic organisms and 
humans. However the density of these blooms can cause hypoxic conditions resulting in 
fish and aquatic organism kills (Zaccaroni and Scaravelli 2008). Certain species such as 
Gymnodinium catena tum, Karenia brevis and Pseudo-nitzschia pseudodelicatissima 
produce the potent toxins saxitoxin, brevetoxin, and domoic acid respectively that can 
accumulate through trophic levels resulting in intoxications to hUlnans and other 
mammals (Baden 1989; Todd 1990; Zaccaroni and Scaravelli 2008) (Fig. 1.1). Species 
such as Karenia brevis and Pfies te ria piscicida produce toxins that are reportedly harmful 
to humans when they become aerosolized at the site of the bloom and are spread through 















Figure 1.1. Structures of selected harmful algal toxins: saxitoxin, domoic acid, and 
brevetoxin. 
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Alexandrium tamarense produce toxins that historically have not been considered 
harmful to humans but affect fish and aquatic organisms by damaging gill tissue 
(Zaccaroni and Scaravelli 2008). Toxins are classified based on their solubility in water 
and organic solvents and are divided into two classes: 1) hydrophilic compounds 
(saxitoxin, domoic acid, and tetrodotoxin and 2) lipophilic compounds (okadaic acid, 
brevetoxins, and ciguatoxins). As metabolites, algal toxins demonstrate varied biological 
activities and many have physiological roles or roles in defense. Phycotoxins such as 
okadaic acid may have a role in the regulation of photosynthesis (Zhou and Fritz 1994) 
and saxitoxin may have a role in chromosome organization (Anderson and Chang 1988). 
Algal toxins may exert allelopathic effects giving the toxin-producing species an 
advantage over competitor species (Graneli 2006; Graneli and Turner 2006). These 
compounds may also exert a negative grazing effect on zooplankton (Graneli and 
Johansson 2003; Rosetta and l\1cManus 2003). 
The haptophyte Prymnesiurn parvum is a microscopic, toxin-producing algal 
species that has been implicated in fish and aquatic animal kills in the United States since 
1985 and globally since the 1930s. Reoccurring toxic blooms have been reported on 
several continents (North America, Africa, Europe, Asia, and Australia) with the majority 
of the recorded blooms occurring in subtropical and temperate water (Manning and 
LaClaire 2010). Similar to otherHAB species, reports of P. parvum blooms have been 
increasing with documented cases across the southern United States froin Florida to 
California and, as of 2009, in northern areas (West Virginia and Pennsylvania Dunkard 
Creek fish kill) resulting in Inassive fish-killing blooms (Roelke et al. 2010). This alga is 
most often associated with blooms in estuarine and marine waters, but has been observed 
4 
to affect inland waters and aquaculture facilities. Hatcheries are affected by seasonal 
toxic blooms with the eradication of entire stocks (Sager et a1. 2007). Texas has been 
particularly affected with P. parvum documented in 33 water bodies, resulting in the 
deaths of over 34 million fishes and other aquatic invertebrates (Southard et a1. 2010). In 
addition to these widespread ecological impacts, an economic burden is also felt by state 
and local economies resulting in millions of U.S. dollars lost when these blooms occur. 
II. BIOLOGY AND ECOLOGY OF PRYMNESIUM PARVUM 
Physical characteristics. Prymnesiurn parvum is a unicellular microalga of the 
class Prymnesiophyceae and division Haptophyta ranging in size from 8-15 Jim in length 
by 4-10 J.lm wide (Figure 1.2). This species is commonly referred to as golden algae due 
to the color of the blooms associated with this organism. Individuals of this species are 
ellipsoid in shape and possess two flagella and a characteristic organelle, the haptonema 
(Manton et a1. 1963; Green et a1. 1982; Green and Hori 1994). The proposed functions of 
this appendage range from prey capture to substrate sequestration (McLaughlin 1958; 
Inouye and Kawachi 1994). Cells are covered in two types of organic scales in an inner 
and outer layer which can serve as diagnostic markers between species when analyzed 
via electron microscopy (Green et a1. 1982). 
Life history. The Pryrnnesium parvum life cycle is characterized as 
heteromorphic with both haploid and diploid life stages. These life stages have led to 
taxonomic flux in this genus and reorganization of P. patelliferum as an alternate haploid 
life cycle stage of P. parvum (Larsen 1999). Prymnesium parvurn is euryhaline and 
eurytherma1. This has allowed the organism to invade low salinity inland waters with 
blooms initiating froln small populations through many proposed transfer vectors 
5 
Figure 1.2. Prymnesium parvum. Light micrograph of two P. parvunl cells. The arrow 
denotes the haptonema. Modified from Manning and LaClaire 2010. 
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including contaminated bilge water, bird guano, advection of small populations of motile 
cells, and aerosolization of cysts (Manning and LaClaire 2010; Brooks et al. 2011). 
Blooms occur typically under conditions of reduced water flow and increased salinity 
forming dense cell populations. The bloom depletes nutrients, which leads to toxin 
production from P. parvum cells (Brooks et al. 2011). Fish kills typically occur at only 
very high algal concentrations (> 50 x 106 cells L-1) and densities higher than 109 cells L-1 
have been reported from toxic P. parvum blooms (Edvardsen and Paasche 1998). 
Toxicity increases as the population reaches a stationary growth phase and cells switch 
from autotrophic growth to heterotrophy or encyst. Toxicity is reported to abate due to 
inflows and removal of toxins and algae through hydraulic flushing (Roelke et al. 2010) 
or a return to nutrient-replete conditions (Roelke et al. 2007). Ingestion of bacteria by P. 
parvum may replenish nutrient levels (Stoecker et al. 2006). 
Geographic distribution. While several species of Prymnesium are considered 
toxic (P. parvum, P. calathiferum, P. Javeolatum, P. saltans, and P. zebrinum), the 
majority of studies have analyzed P. parvum due to its global distribution and frequent 
implication in aquatic organism die-offs (Manning and LaClaire 2010). Prymnesium 
parvum blooms occur in temperate and subtropical regions in coastal and brackish inland 
waters. Blooms have been reported from Scandinavia, Israel, China, North America, 
Russia, Morocco, Australia, and Chile (Edvardsen and Imai 2006; Beltrami et al. 2007). 
The remaining species have been isolated from marine environments. Prymnesium 
calathiferum was isolated in New Zealand (Chang and Ryan 1985). Prymnesium 
Javeolatum and P. zebrinum occur in coastal France in the Mediterranean Sea and P. 
saltans occurs in the Altantic Ocean (Tomas 1997). In the United StatesP. parvum has 
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invaded the southeastern region of the country and has spread west through the south 
central regions where it has been especially problematic in Texas. Recent reports 
indicate movement north as illustrated by a recent bloom at the West Virginia-
Pennsylvania border at Dunkard Creek (Roelke 2010). 
The variation in DNA sequences from geographically disparate strains has been 
examined in order to ascertain if P. parvum expansion in the United States has been the 
result of a rapid range expansion or latent toxicity from a native population of P. parvum 
that had been undetectable until fish-killing blooms occurred. Phylogenetic analysis of 
the first internal transcribed spacer in the nuclear ribosomal operon (ITS 1) of strains from 
Texas, South Carolina, Wyoming, Maine, and Europe showed that Texas strains clustered 
with those from Wyoming, South Carolina, and Scotland. One Texas strain from Lake 
Diversion clustered with strains from Norway and Denmark, and a strain from Maine was 
most closely related to P. parvufn from England (Lutz-Carrillo et al. 2010). These results 
suggest multiple introductions of strains from Europe to the United States with the strains 
from Texas, South Carolina, and Wyoming likely the result of range expansion. The 
chronology of reports suggest that an east-west invasion with P. parvum populations 
coming from Europe to the United States (Lutz-Carrillo et al. 2010). 
Frequency of toxic events. Prymnesiun1 parvum occurs world-wide, but toxic 
events have been lnost pronounced in Israel, the Baltic states, Norway, and the United 
States. The first implication of P. parvum as the causal organism of a fish kill was made 
in Holland in the early 1900s (Liebert and Deems 1920). This was confirmed with 
another toxic bloom in Denmark (Otterstroem and Steemann-Nielsen 1939). However, at 
least one report has implicated P. parvum as a toxic species in the late 1800s in the Baltic 
8 
Sea (Strodtmann 1898). In Israel, toxic blooms occurred in the northern part of the 
country in carp ponds in 1945 (Reich and Aschner 1947). Blooms and subsequent die-
offs spread south throughout the country affecting an estimated 3,000 acres of Israeli fish 
pond area (Sarig 1971). In Norway, the first bloom on record occurred in 1989 killing 
750 metric tons of caged salmon and trout, resulting in significant economic losses to 
Norway's fish farming industry (Johnsen et al. 2010). The organism spread throughout 
the country's fish farms decreasing the number of farms in operation substantially, which 
in turn corresponded to a decrease in the number of P. parvum toxic blooms. 
Reintroducing fish farming to areas previously affected by P. parvum in 2005 led to a 
toxic bloom event that resulted in the death of 135 metric tons of caged fish (Johnsen et 
al. 2010). Prymnesium parvum has caused mass fish mortality in China since 1963. 
Blooms typically occur in brackish waters and high-mineral inland waters and 
aquaculture ponds, threatening China's fish farming industry (Guo et al. 1996). During 
August and September of 2004, a dense P. parvum bloolTI occurred in Lake Koronia in 
northern Greece. A massive fish die-off was observed and the bloom coincided with a 
massive bird die-off - one of the few reports to implicate P .parvum in avian death 
(Michaloudi et al. 2009). Pryn1nesium parvum has been found on every continent except 
for Antarctica (Figure 1.3) and the majority of reported blooms occur in subtropical and 
temperate waters between the Tropic of Cancer and the Arctic Circle and the Tropic of 
Capricorn and the Antarctic Circle (Manning and LaClaire 2010). 
Blooms of P. parvum have been reported from 16 states in the U"nited States and 
reports are increasing (Sager et al. 2008). Blooms have been most extensive, re-
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Figure 1.3. Geographic distribution of P. parvum blooms. Affected areas shaded in 
green. Selected areas of re-occurring and recent blooms are designated with stars. 
Modified from Manning and LaClaire 2010. 
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the upper Brazos River in 1981 and 1982 (Southard et al. 2010). The first confirmed 
incidence of a fish-killing bloom in Texas occurred in 1985 along the Pecos River, 
resulting in the death of approximately 110,000 fish (James and De La Cruz 1989). In 
addition to the fish die-off, millions of the Asiatic clam Corbicula fluminea were killed 
(Sager et al. 2007). Blooms re-occurred in this same area the next year resulting in the 
death of an estimated 500,000 additional fish, and again in 1988 reSUlting in the death of 
more than 1.5 million fish. In 1988, a bloom occurred in a tributary of the Brazos River 
with 48,000 fish killed (James and De La Cruz 1989). Blooms spread to the Paint Creek 
and Colorado River in 1989 killing 15,000 and 180,000 fish respectively (Glass et al. 
1991). More frequent fish kills began in 2001, affecting larger bodies of water and 
hatcheries (Southard et al. 2010). In 2001, a bloom killing 200,000 fish occurred at the 
Possum Kingdom Reservoir. Fish kills also took place at Lake Granbury and Lake 
Whitney in addition to the Colorado River and Moss Creek. Lake E.V. Spence 
experienced the greatest impact from a toxic P. parvum bloom with over 2 million fish 
killed (Southard et al. 2010). In the same year P. parvum decimated the entire striped 
and hybrid bass stocks at Dundee State Fish Hatchery (Lightfoot 2001). Since the first 
confirmed P. parvum bloom in 1985, the Texas Parks and Wildlife Department has 
investigated over 120 golden algae blooms and associated fish kills that have killed 
approximately 34 million fish valued at an estimated 13 million USD (Figure 1.4) 
(Southard et al. 2010). This nUInber only includes fish losses and does not include the 
loss of other aquatic species and the loss of water-based tourism and recreation. All fish 
appear to be susceptible to toxic P. parvuln biooIns, but Texas sport fish such as the 
smallmouth bass Micropterus dolomieu and striped bass Morone saxatilis have been 
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Figure 1.4. Locations of documented P. parVUln blooms in Texas from 1981 to 2008. 
Site names are noted in the legend with the number of fish kills during this time period in 
parentheses. Modified from Southard et al. 2010. 
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disproportionately affected as these species grow slowly, requiring much longer time to 
replenish their numbers once a die-off has occurred, highlighting the impact P. parvum 
blooms cause ecosystems and local and state economies. The impact of these blooms on 
endangered species is also of great concern to resource managers. In addition to fish and 
giBed amphibians, aquatic invertebrates are also affected by toxic P. parvum blooms 
(Sarig 1971; James and De La Cruz 1989; Igarashi 1999). Reports of P. parvum blooms 
are spreading north across the United States as illustrated by a recent 2009 fish and 
mussel-killing bloom at Dunkard Creek on the West Virginia-Pennsylvania border 
(Roelke et al. 2010). This kill covered approximately 43 miles of the creek. It should be 
noted that it is not entirely clear if P. parvum is actually spreading, or if reporting and 
monitoring have become more comprehensive and efficient, resulting in more 
documented bloom occurrences. It is possible that the increase in toxic blooms is the 
result of the spread of environment conditions conducive to algal growth and toxin 
production. For example, an increase in total dissolved solids (TDS) has been observed 
in the Pecos River from 1938 to 1981 (Davis 1987). The bloom at Dunkard Creek also 
had extremely elevated levels of TDS (Reynolds 2009), which were similar to the levels 
that have been observed in Texas for decades. 
Ill. PRYMNESIUM PARVUM TOXINS 
Prymnesins. Throughout the long history of research on this organism, toxic 
metabolites attributed to P. parvum have been referred to as prymnesins. This 
nomenclature has been used to refer to both purified and structurally characterized 
compounds, but also to uncharacterized or partially characterized extracts, and 
completely uncharacterized water samples. At present the structures of two prymnesins 
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(prymnesin 1 and 2) have been elucidated with the molecular formulae CI07H154C13N044 
and C96H136Cl3N035 respectively (Figure 1.5). These toxins are both glycosidic and are 
remarkably complex containing double and triple bonds in two unsaturated regions and 
multiple chlorines. These molecules consist of polycyclic polyethers and are 
polyhydroxyl similar to known algal toxins such as maitotoxin and ciguatoxin (Murata 
and Yasumoto 2000). Prymnesin 1 and 2 exhibit similar biological activities in terms of 
icthyotoxicity and hemolytic activity (Igarashi 1999). Their hemolytic activity is greater 
than 5000 times that of saponin (Murata and Yasumoto 2000). The 50% hemolytic value 
of prymnesin 2 is 10.5 nM. The LD50 of prymnesin 2 for the minnow Tanichthys 
albonubes is 300 nM, but when Ca2+ is added the LD50 is 3 nM (Igarashi 1999). This 
value is comparable with that of brevetoxin, which is one of the most potent known 
ichthytoxins. These toxins likely disrupt the flow of Ca2+ in the gills of fish, leading to 
calcium influx and gill damage, resulting in asphyxiation and death. Calcium-dependent 
hemolytic activity was not observed, suggesting multiple nl0des of action for these toxins 
(Murata and YaSUlTIoto 2000). The isolation and structural characterization of 
prymnesins 1 and 2 was difficult due to the poor solubility of these compounds in most 
organic solvents. A series of column chromatography steps preceded reverse phase 
HPLC. The compounds were N- and O-acetylated to increase the solubility of the toxins 
in NMR solvents (Murata and YasUlTIoto 2000). 
Fatty acids. Henrickson et al. (2010) determined that prymesins 1 and 2 were not 
the biologically relevant ichthyotoxins in U.S. field-collected and cultured samples, 
instead implicating toxic fatty acids, primarily stearidonic acid (Figure 1.6). Cytotoxicity 
and ichthyotoxicity of these fatty acids generally increased with an increased unsaturation 
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Figure 1.5. The structures of prymnesin 1 and 2. 
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Figure 1.6. Unsaturated fatty acids implicated in the toxicity of P. parvum. These 
compounds were implicated as P. parvum toxins by Henrickson et al. (2010). 
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state (Henrikson et al. 2010). Fatty acids have been implicated in ichthyotoxicity and the 
cytotoxicity of phytoplankton and cyanobacteria possibly as allelochemicals or grazing 
deterrents (Collins 1978; Kamaya et aI, 2003; Wu et al. 2007; Alamsjah et al. 2007; 
Henrikson et al. 2010). Linoleic acid (9, 12-octadecadienoic acid) and a-linolenic acid 
(9, 12, 15-octadecatrienoic acid) isolated from the macroalga VIva Jasciata showed toxic 
effects against certain red tide microalgal species in a dose-dependent manner at 
concentrations of 0.58 and 1.91 J.1g1mL respectively. However, certain dinoflagellate 
species were not affected and these compounds showed very limited toxicity against 
invertebrates, fish, and mammalian cells (Alamsjah et al. 2007). The fatty acid of 
heptadeca-5,8,11-trien (HpDTE: C17:3) isolated from the crustose coralline alga 
Lithophyllum yessoense was lytic to spores of the seaweed Porphyra suborbiculata. 
Subsequent fatty acids tested generally showed enhanced lytic activity with increasing 
unsaturation state (Luyen et al. 2009). However the ichthyotoxicity of fatty acids isolated 
from the green alga Cheatomorpha minima did not increase with increased unsaturation 
state (Collins 1978). The mechanism of fatty acid algacidal activity is thought to be from 
the membrane disruption. Deleterious amounts of free fatty acids administered to 
cultures of two chlorophytes and a cyanobacterium resulted in increased levels of K+ in 
the culture medium likely due to leaking K+ from membrane disruption. Exposure to 
unsaturated fatty acids resulted in increased extracellular -K+ concentrations compared to 
exposure to saturated fatty acids. It is possible that these lipophilic compounds form 
micelles increasing their solubility in water and stick to the gill or algal plasma 
membrane increasing their concentration and bioavailability (Wu et al. 2006). It was 
reported that the toxic compounds are the fatty acids themselves and not a degradation 
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product (Ikawa et a1. 1997). Three hemolytic compounds were isolated from the 
raphidophyte alga Fihrocapsa japonica and identified as the polyunsaturated fatty acids 
6,9, 12, 15-octadecatetraenoic acid, 5,8,11,14,17-eicosapentaenoic acid, and 5,8,11,14-
eicosatetraenoic acid. These compounds may be oxidized in seawater to form 
hydroperoxy fatty acids which could impart lethality to other species of microalgae and 
fish, especially if algal cells are coming into contact with the gill itself (Fu et a1. 2004). 
Other compounds. Several other compounds and compounds classes have been 
implicated in the toxicity of P. parvum. They include lipid, saponin-like compounds that 
possess hemolytic, cytotoxic, and ichthyotoxic properties. Fish exposed to these 
compounds alone did not die, but when cofactors such as calcium chloride and 
magnesium chloride were added to the exposure water, ichthytoxicity was observed 
(Yariv and Hestrin 1961). In addition to these lipids, a high molecular weight glycolipid 
(Paster 1973), and hemolytic highly unsaturated glycoglycerolipids identified as l' -0-
octadecatetraenoyl-3' -O-(6-0-B-D-galactopyranosyl- B-D-galactopyranosyl)-glycerol 
and l' -O-octadecapentaenoyl-3' -O-(6-0-B-D-galactopyranosyl-B-D-galactopyranosyl)-
glycerol (Figure 1.7) have been implicated as toxins from P. parvum (Kozakai et al. 
1982). 
Biological activities and mode of action of toxins. Cytotoxicity, neurotoxicity, 
hemolytic activity, and ichthytoxicity have all been described as activities of P. parvum 
toxins (Shilo 1967). Exposure to toxins results in cell lysis in erythrocytes, Ehrlich 
ascites cells, HeLa cells, human liver cells, and amnion cells (Shilo and Rosenberger 
1960; Yariv and Hestrin 1961). Cells treated with toxic extracts of P. parvum swell, 
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Figure 1.7. The structures of hemolysin I and II, as reported by Kozakai et al. (1982). 
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undergo morphological changes forming pseudopodia-like extensions, show an increased 
uptake of Trypan blue dye, and ultimately lyse (Shilo 1967). Lysis was dependent on pH 
and temperature with increases in both parameters resulting in increased lysis. At low pH 
and temperature the cells swelled but lysis did not occur. Raising the pH and temperature 
again resulted in lysis (Dafni and Shilo 1966). Prymnesium parvum toxic extracts block 
neuromuscular transmission in the frog sartorius and in the deep abdominal extensor of 
crayfish and lobster (Parnas and Abbott 1965). A methanol extract of P. parvum cells 
slowed the contraction of isolated guinea pig ileum tissue and decreased the sensitivity of 
the ileum to the effects of acetylcholine and 5-hydroxytryptamine (Bergmann et a1. 
1964). A crude extract of P. patelliferum strongly inhibited the uptake of the 
neurotransmitters L-glutamate, gamma-aminobyturic acid, and dopamine in rat brain 
synaptosomes. Interestingly, the inhibition was enhanced when P. patelliferum was 
cultured in phosphorus-deficient media. During this inhibition, intracellular 
concentrations of Na+ and Ca2+ were increased and K+ efflux was stimulated. The rise in 
intracellular Ca2+ was dependent on the extracellular Ca2+ concentration. The disturbance 
in neurotransmitter uptake likely results from the toxin interfering with the function of 
ion channels and increasing the permeability of the synaptosomes to Ca2+, Na+,and K+ 
(Meldahl and Fonnum 1993; Meldahl and Fonnum 1995). A crude extract of P. 
patelliferum stimulated an increase in intracellular Ca2+ through voltage sensitive Ca2+ 
channels in rat pituitary GH4C 1 cells, resulting in increased secretion of prolactin 
(Kolderup et a1. 1995). An extract from P. parvum stimulated Ca2+ -dependent release of 
glutamate in a dose-dependent manner. The glutamate release was increased with the 
addition of extracellular Ca2+ (Mariussen et a1. 2005). The use of crude and partially 
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purified extracts of Prymnesium palllum has made it difficult to ascertain if the diverse 
biological activities of toxic extracts are the result of mixtures of toxic compounds or the 
multiple modes of action of one molecule. 
The ichthyotoxicity of P. palllum toxins has been of great concern as blooms of 
the organism have resulted in the death of millions of fish worldwide and the toxins have 
not been reported to affect mammals or lung-breathing aquatic animals (Paster 1973). 
The acute toxicity of P. parvum toxins and behavior of fish exposed to toxins suggest that 
the target organ is the gill. The gill is the site of gas exchange, ionic regulation, acid-base 
balance, and waste excretion in fish and the gill is in constant contact with water and is 
the site of absorption of environmental toxins and toxicants (Evans 1987; Fernandes 
2007). Toxic extracts of P. parvum appear to destroy gill tissue (Ulitzer and Shilo 1964). 
Gambusia treated with toxic extracts showed increased Trypan Blue staining of their gill 
tissue, and indication of cell lysis (Ulitzer and Shilo 1966). The toxin may target the 
permeability mechanism of the gill itself (Yariv and -Hestrin 1961). After gill 
permeability is compromised, the animal is at increased risk from exposure to bioactive 
compounds and toxicants, with resultant mortality (Ulitzer and Shilo 1966). Upon 
immersion in P. parvum toxin, only gill-breathing animals are affected. For instance 
tadpoles exposed to toxin are killed, but adult frogs are not affected (Paster 1968). One 
consistent feature of P. parvuln toxicity is the observed effect of cofactors (Yariv and 
Hestrin 1961; Ulitzer and Shilo 1966). Toxic extracts that are subjected to dialysis and 
passage over a cation exchange column have a complete loss of toxic activity. Addition 
of the dialysate or inorganic salts of divalent cations to the extract restore toxic activity 
(Shilo 1967). These cation cofactors could be aggregating toxic molecules into micelles 
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creating more lipophilic complexes that can more easily pass through the gill membrane. 
It is also possible that cations interact with charged groups on toxins and create a neutral 
uncharged complex that can more easily pass through the gill. Upon initial immersion in 
a toxic solution, gill permeability is compromised. However, this damage is reversible as 
fish removed from water containing the ichthyotoxin placed into fresh water are viable. 
Fish in the wild have been observed to seek fresh water inflows to escape the toxic effects 
of P. parvum. After fish have been immersed to the point of extensive gill damage, 
mortality results from asphyxiation or the combined lethal effects of a variety of 
toxicants, which under normal conditions would be sublethal (Shilo 1967). 
IV. ENVIRONMENTAL FACTORS AFFECTING P. PARVUM BLOOMS AND 
TOXIN PRODUCTION 
Nutrient limitation. The mono-specific nature of P. parvum blooms suggests an 
underlying mechanism that allows this organism to out-compete other microalgal species 
as the modest growth rate of P. parvum studied under a variety of environmental 
conditions would not allow for dominance of this species alone (Larsen and Bryant 1998; 
Graneli and Johansson 2003). Thus the toxic substances produced by P. parvum may 
exert an allelopethic effect on competitor microalgal species (Graneli and Salomon 
2010). Allelopathy is defined as the production and release of secondary metabolites by 
certain species that negatively affect the growth of other organisms (Rizvi and Rivzi 
1992). Examples of allelopathy include the production of compounds by cyanobacteria 
that inhibit the growth of diatoms (Keating 1978) and dinoflagellate species that secrete 
substances that inhibit competitor microalgal species (Tillman and John 2002). The 
hemolytic activity of P. parvum cultures grown under both N- and P-limited conditions 
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significantly increased as compared to cultures grown under nutrient replete conditions 
(Johansson and Graneli 1999). Cultures of Chrysochromulina polylepsis, a haptophyte 
closely related to P. parvum, showed increased toxicity to Artemia salina under N- and P-
limitation (Edvardsen et al. 1996). Cell-free filtrates of P. parvum cultures grown under 
N- and P-limitation demonstrated increased toxicity to Artemia salina and inhibited the 
growth of three phytoplankton species that are documented to co-occur with P. parvum: 
Thalassiosira weissflogii, Prorocentrum minimum and Rhodomonas baltica. These 
filtrates had no negative effect on the growth of Prymnesium patelliferum (Graneli and 
Johansson 2003). Nutrient replete conditions from mesocosm experiments resulted in a 
reduction in toxicity to fish and cladocerans (Roelke et al. 2007). In addition to a 
reduction in toxicity, P. parvum was not the dominant microalga in the mesocoms with 
euglenophytes and chlorophytes dominating (Roelke et al. 2007). Phosphorus-limited P. 
parvum cultures produced 10 to 20 fold higher concentrations in hemolysin, cytotoxin, 
and ichthyotoxin content and higher concentrations of toxins in the culture fluid (Shilo 
1967; Shilo 1971). These studies suggest a possible allelopathic role for these toxins 
produced under nutrient limitation and the higher titers of toxins obtained in the culture 
fluid provide strong evidence that P. parvum toxins are exotoxins that are exuded from 
cells into the surrounding environment. The production of these compounds could offer a 
competitive advantage over other species when nutrients are limited. 
Nutrient-lilnitation related toxicity has been observed for growth phases of P. 
parvum. A reduction in ichthytoxicity was observed during the logarithmic phase of 
growth when nutrient availability is high and toxic effects were most apparent during 
stationary phase when nutrients have become limiting (Manning and LaClaire 2010). 
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Prymnesium parvum cultures were less toxic to Artemia during logarithmic phase and 
resulted in complete mortality during stationary phase (Houdan et al. 2004). Thus, the 
rapid increase in growth due to eutrophication of waters containing P. parvum eventually 
depletes nutrient availability resulting in the onset of toxicity (Figure 1.8). 
Salinity. Prymnesium parvum is euryhaline and salinity has been demonstrated to 
be important to P. parvum population dynamics and reproduction (Larsen and Bryant 
1998; Roelke et al. 2010a). Different geographic strains of P. parvum differ in the 
optimal salinity needed for growth. Strains isolated from Norway achieved the highest 
growth rates at 8 psu. A strain isolated from Denmark grew best at 18 psu, and strains 
from England and Australia achieve maximum growth rates at 30 psu. No significant 
difference in the toxicity of these strains grown under different salinity regimes was 
observed (Larsen and Bryant 1998). Subsequent work with P. parvum strains from 
Norway demonstrated optilnal growth in a narrow range of 10-20 %0 (Edvardsen and 
Imai 2006). A strain of P. parvum isolated from an active fish kill in the Colorado River 
in Texas was predicted to have a maximum growth rate at a salinity level of 22 psu using 
multiple regression analysis. Interestingly, acute toxicity to juvenile fish was observed to 
be greatest at high and low salinities, levels not optimal for maximum growth (Baker et 
al. 2007). Salinity measurements at two Texas lakes indicated that bloom densities of P. 
parvum were only reached when salinity levels were greater than 1.5 and 0.5 %0 
respectively (Roelke et al. 2010a). These results are corroborated by the large measured 
increase in dissolved solids at sites monitored in Dunkard Creek days before the P. 
parvum bloom and subsequent fish kill. Prymnesium parvum had not previously been 
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Figure 1.8. Dynamics of P. parvum blooms. Depicted are population density, nutrient 
availability, and toxicity. Modified from Brooks et al. 2011. 
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appear to be very conducive to P. parvunl growth, experiencing seasonal recurring 
blooms. Guo et a1. (1996) recorded P. parvum in highly-mineralized brackish water with 
salinity levels between 3 and 8 %0. 
pH. The results of several studies demonstrate that P. parvum toxins are more 
potent to gill breathing organisms and cells at pH > 8, levels typically found in brackish 
and marine environments and levels that can be induced by the algal bloom itself when 
carbon dioxide is depleted during the day as photosynthesis occurs (Pearl 1988). These 
observations are consistent in both field and laboratory studies. Toxic P. parvum occurs 
in waters of Chinese fish farlTIS ranging from pH 7.2 to 9.3 (Guo et a1. 1996). Ambient 
pH at a bloom in Lake Whitney, TX was 8.4, similar to the samples taken from Lake 
Granbury during a fish-killing blooln, which ranged between 8.2 and 8.4 (Valenti et a1. 
2010). Readings from sampling sites at the Dunkard Creek fish kill in West Virginia 
ranged from 8.02 to 8.45 (Reynolds 2009). The pH levels during a fish-killing P. parvum 
bloom in Finland ranged from 8.9 - 9.4 (Lindholm et a1. 1999). These observations are 
in agreement with laboratory studies indicating that ichthytoxicity occurs at pH greater 
than 7.0 with maximum toxicity occurring at pH 9.0 (Manning and LaClaire 2010). High 
pH treatments resulted in the swelling and lysis of Ehrlich ascites tumor cells, while 
lowering the pH inhibited cell lysis (Dafni and Shilo 1966). The toxicity of a crude P. 
parvum extract to fish increased by 400-fold as the pH was increased from 7 to 9 (Ulitzer 
and Shilo 1964). The potency of a toxic extract was not altered at pH levels between 7.5 
and 9.0, but the toxicity decreased rapidly at pH levels below 7.5 and toxicity was 
inhibited at pH 6 (Shilo and Aschner 1953). Hemolytic activity was observed to decrease 
with higher pH levels and maximum heillolytic activity occurred at pH 5.5 (Padilla and 
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Martin 1973). The range of pH values affecting toxicity could be indicative of multiple 
toxic compounds or alterations of the physiochemical properties of the toxin through 
protonation of a functional group or alterations in ion pairing. Physiological changes to 
test organisms making them more susceptible to the effects of toxins are also a 
possibility. 
Divalent cations (cofactors). When hemolytic extracts of P. parvum were tested 
for ichthyotoxicity, fish were not killed by the extract alone, but were activated by the 
presence of the inorganic salts calcium chloride and magnesium chloride (Yariv and 
Hestrin 1961). The divalent cations Ca2+ and Mg2+ increased the ichthyotoxicity of P. 
parvum extracts while Na+ inhibited ichthyotoxicity (Ulitzer and Shilo 1964). The LD50 
of prymnesin 2 for the minnow Tanichthys albonubes is 300 nM, but when Ca2+ is added 
the LD50 is 3 nM (Igarashi 1999). Polyether molecules such as monesin are cOlnplexed 
with cations which may affect the ability of these compounds to interact with the cell 
membrane (Almeida-Paz et a1. 2003), and cations also may aggregate lipid molecules into 
complexes. Metai-containing organic toxins have been characterized from the harmful 
alga Pfiesteria piscicida (Moeller et a1. 2007). 
Blooms in Texas are associated with high concentrations of total dis sol ved solids 
(TDS) - a measure of the combined inorganic and organic material in a freshwater 
system. High levels of TDS are created through oil production, hydraulic fracturing, 
agricultural practices, and sewage treatment (Reynolds 2009, Brooks et al. 2011). TDS 
levels may be a factor in the association between blooms in Texas and waters with high 
mineral content and explain to some extent the differential toxicity displayed in water 
bodies in which P. parvum persists. The bloom at Dunkard Creek was preceded by a 
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large increase in TDS levels, creating water chemistry parameters similar to those 
observed at P. parvum blooms in Texas. Before the bloom, chloride, sodium, TDS, and 
conductivity were measured at 300 ppm, >3000 ppm, 9500 ppm, and >50,000 
microsiemens per centimeter respectively, which were all unprecedented levels (Renner 
2009). Originally, these high levels were thought to have adversely affected the aquatic 
organisms in the creek and were thought to be the result of repeated coal mine discharges. 
However, with the onset of the algal bloom, it is likely that the increase in TDS created 
suitable conditions for P. parvum to bloom (Renner 2009). In 2001, a North Carolina 
striped bass hatchery attempted to get greater bass production by increasing the TDS to 
about 4 %0. This was effective, but soon after the increase a P. parvum bloom occurred 
resulting in a die-off at the hatchery. When the water was returned to hyposaline levels, 
the blooms subsided (Renner 2009). 
Light and temperature. The photon tluence rate required for growth was shown 
to differ in different P. parvum strains with values of 65 J.lmol m-2s-1 for a strain isolated 
from England, 100 J.lmol m-2s-1 for strains from Norway and Denmark, and 200 J.lffiol m-
2S-1 for a strain from Australia. No relationship was observed between light exposure and 
toxicity of these P. parvum strains to brine shrimp (Larsen and Bryant 1998). A strain 
from Texas associated with a fish kill achieved maximum growth at a photon fluence rate 
of 275 J.lmol m-2s-1 (Baker et al. 2007). 
Temperatures of 15°C resulted in Inaximum growth for strains from Norway and 
Denmark, while strains from England and Australia grew best at temperatures of 30°C. 
As with light exposure and salinity, no relationship was observed between temperature 
and toxicity to Artenlia nauplii (Larsen and Bryant 1998). The maximum growth rate for 
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the Texas strain occurred at 26 ac. Predictive toxicity of P. parvum blooms using field-
collected temperature data and multiple regression analysis showed an increase in 
toxicity with decrease in temperature (Baker et al. 2007). Thus the strain was predicted 
to be more toxic at a temperature not ideal for maximum growth. These results are 
consistent with the temporal nature of P. parvum blooms in Texas which occur with more 
frequency and potency in winter months (Baker et al 2007). Laboratory studies have 
shown an increase in cytotoxicity at higher temperatures. Ehrlich ascites tumor cell lysis 
was affected by temperature. Cell swelling was observed, but lysis did not occur until the 
temperature was raised. Cells that had begun to swell at higher temperatures could be 
rescued from lysis by lowering temperature from 37 ac to 27 ac (Dafni and Shilo 1966). 
A recent study exposing P. parvum cell-free filtrates to natural sunlight found that 
the acute icthyotoxicity of the filtrates was removed after 8 hours of exposure to full or 
partial sunlight, whereas those filtrates kept in the dark maintained their ichthyotoxicity. 
An inverse relationship existed between the time of sunlight exposure and toxicity with 
an increase in sunlight exposure resulting in a decrease in toxicity to fish (James et al. 
2010). These studies involved cell-free filtrates, while light exposure to intact cells does 
not appear to inactivate their toxicity indicating some type of intracellular protection 
(Manning and LaClaire 2010). There does not appear to be a correlation between 
temperature and toxicity as blooms occur at different tin1es of the year in many locations 
globally. 
Hydraulic flushing and climate change. Freshwater intlows affect the bloom 
dynamics of P. parvum. Inflows can bring in nutrients, which may result in an increase 
in phytoplankton density (Pearl 1988), but hydraulic flushing can result in cell loss, and 
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nutrient loss, and changes in salinity levels that are not conducive to P. parvum growth 
and toxin production (Roelke et al. 2010). The onset of these inflows is associated with 
bloom termination (Brooks et al. 2011). An examination of blooms from three lakes in 
Texas over a ten year period indicated that bloom thresholds were lOx 106 cells L-I and 
thresholds were a function of inflow and salinity (Roelke et al. 2010a). Blooms at Lake 
Possum Kingdom occurred only when 7-day accumulated inflows were less than < 10 x 
106 m3• Blooms at Lake Granbury and Lake Whitney occurred when inflows were < 20 x 
106 m3 and < 40 x 106 m3 respectively (Roelke et al. 2010a). The P. parvum strains in 
these lakes bloomed in the winter months, when conditions were far from those optimal 
for growth in laboratory studies (Baker et al. 2007). Growth rates were estimated to be 
-0.1 day-I. At these low reproductive rates, the blooms are vulnerable to large inflows 
resulting in cell loss and less toxin production in the affected area (Roelke et al. 2010a). 
The size of the inflows required for bloom termination differed significantly among lakes 
due to a variance in physical features of the water bodies. In addition to hydraulic 
flushing from inflows, dilution due to inflow events raising lake level also occur (Roelke 
et al. 2010a). This dilution may result in salinity levels below threshold for algal 
reproduction. Flushing and dilution lnay alter the nutrient balance required for toxin 
production. 
Climate change is predicted to affect HABs in general and P. parvum in 
particular. Increased evaporation rates resulting in increased levels of salinity of water 
bodies across the United States may result in conditions conducive to P. parvum growth 
and blooms may develop in systems in which P. parvum was not previously identified as 
was observed in the Dunkard Creek bloom. Climate change is predicted to decrease 
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instream flow by 60% in the South Central United States (Brooks et al. 2011). 
Grazers and viruses. In addition to physical factors that may disperse P. 
parvum, blooms may be affected by viruses, bacteria, and grazing zooplankton (Imai et 
al. 1993; Banse 1994; Lawrence et al. 2001). Washed suspension of Proteus vulgaris and 
Bacillus subtilis. decreased the toxicity of a cell-free toxic solution of P. parvu111 by 50% 
after one hour. The solution maintaining its potency was contingent upon the addition of 
antibiotics to the sample (Shilo and Aschner 1953). Ciliates exposed to P. parvum 
exhibited acute toxicity at cell concentrations found at natural blooms. Ciliates died more 
quickly when treated with whole P. parvum cells than in treatments with culture filtrate 
or at lower cell concentrations (Rosetta and McManus). When P. parvum was mixed 
with non-toxic algal species and added to wells containing ciliates, growth of the ciliates 
was not inhibited, even when the P. parvum cell concentrations were equal to those that 
killed the ciliates in treatments with P. parvum cells alone. This may point to ingestion 
of P. parvum by the ciliates as a factor in toxicity and when given a choice between 
grazing on toxic and non toxic algae, the ciliates prefer the non toxic (Rosetta and 
McManus 2003). Field-experiments utilizing mesocosms in which the natural grazer and 
virus assemblages were manipulated through filtration, showed an increase in P. parvum 
cell density when grazers and viruses were removed (Schwierzke et al. 2010). However, 
near the end of the bloom, the phytoplankton community shifted to dominance by 
rotifers, specifically Notholca laurentiae. This shift occurred as waters continued to 
demonstrate toxicity to fish and cladocerans, indicating that certain rotifers may be less 
susceptible to P. parvum toxins and assert grazing pressure that aids in bloom termination 
(Schwierzke et al. 2010). Mixing waters in nlesocosms from Lake Waco, TX in which P. 
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parvum blooms have not been documented to occur with waters that contain P. parvum 
from Lake Whitney, TX showed deleterious effects to P. parvum growth (Roelke et al. 
201 Ob). Experimental treatments demonstrated that differences in grazing, pathogens, 
nutrients, and salts between the two lakes were not responsible for the observed effects 
(Roelke et al. 2010b). However, filtration of waters to remove grazers may not have 
trapped viruses, which could be responsible for reduced P. parvum growth. In addition, it 
was shown that Lake Waco waters contained cyanobacterial species that were not present 
in Lake Whitney waters inviting the possibility that the presence of allelochemicals in 
Lake Waco waters reduced cell numbers of P. parvum in Lake Whitney waters. While 
zooplankton and bacterial grazing pressure can exert a negative influence onP.parvum 
growth, the mixotrophic nature of P. parvum and its ability to phagocytize bacteria could 
replenish phosphate levels, leading to nutrient-replete conditions and an abatement of 
toxicity 
v. MANAGEMENT OF P. PARVUM BLOOMS 
Most management strategies for P. parvum blooIns involve control and mitigation 
of existing blooms rather than bloom prevention and these strategies are suited to small 
bodies of water and hatcheries, but not larger bodies of water (Barkoh and Fries 2010). 
Ammonium sulfate and copper sulfate have been successful in control P. parvum cell 
density during blooms. An1monium sulfate was more successful at higher pH levels, 
indicating that an increase in unionized ammonia was responsible for the increased death 
of P. parvum observed. However, these levels of unionized ammonia may also have 
deleterious effects on beneficial algae, fish and aquatic organisms (Barkoh et al. 2004). 
A comparison of the three algaecides copper sulfate pentahydrate, Cutrine®-Plus 
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and Phycomycin® showed that Cutrine®-Plus was the most effective at controlling 
populations of P. parvum (Rodgers et al. 2010). Cutrine®-Plus is a chelated-copper 
containing compound with an elemental copper composition of 9% in the form of mixed 
copper-ethanolamine complexes. Cutrine®-Plus when administered at concentrations of 
0.2 mg CulL reduced P. parvum cell densities and chlorophyll a concentrations 
significantly more than copper sulfate pentahydrate and Phycomycin®. Cutrine®-Plus 
tested in field populations did not exhibit toxicity to fish species at concentrations that 
were effective at controlling algal growth. Aquatic invertebrates are more sensitive and 
pose a possible risk of Cutrine®-Plus administration (Rodgers et al. 2010). While an 
application of Cutrine®-Plus to large water bodies is not feasible, the compound could 
produce areas that are free of P. parvum cells~ creating refuge for aquatic organisms if 
used strategically. Fish have been observed to move to areas of non-toxic water if they 
are available during the course of a P. parvum bloom (Sarig 1971). 
The algaecides copper sulfate and potassium pennanganate, as well as ultraviolet 
(UV) light and ozone dosing were compared for effectiveness in control P. parvum 
blooms. Copper sulfate was able to control P. parvum cell densities, but did not 
eliminate ichthyotoxicity. Potassium permanganate reduced cell densities and 
ichthyotoxicity. Ultraviolet light and ozone treatment were effective in concert in 
eliminating P. parvum cells and toxicity in the shortest amount of time with exposure of 
ozone for 6 minutes being effective (Barkoh et al. 2010). These results support earlier 
reports of bubbling oxygen through a toxic solution to decrease toxicity (Shilo and 
Aschner 1953). Sterilization of hatchery equipment with bleach was effective at reducing 
the spread of P. parvum. These treatments were effective for confined hatcheries and 
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aquaculture facilities, but could not be practically applied to large bodies of water 
(Barkoh et al. 2010). 
As nutrient stress is involved in the onset of P. parvum toxicity, fertilization 
strategies have been investigated as a means of bloom control. Multiple weekly 
applications of phosphorus and nitrogen at 30 Jlg P/L and 300 Jlg NIL respectively were 
effective at reducing both the cell density and ichthyotoxicity of P. parvum against 
juvenile striped bass, Morone saxitilis fingerlings (Kurten et al. 2010). However using 
ammonia as a nitrogen source increased the pH to deleterious levels. Substitution of 
ammonia with nitrate remained effective in reducing cell growth and toxicity. 
Fertilization with nitrogen or phosphorus alone was not effective (Kurten et al. 2010). 
Reducing salinity levels to less than 2 %0 with freshwater was an effective means of 
reducing P. parvum blooms in fish ponds in China (Guo et al. 1996). However, while 
manipulating nutrients and salinity levels is effective in hatchery ponds and aquaculture 
facilities, it is impractical in large water bodies. 
Strategies using material that is less environmentally harmful than algaecides 
have been investigated, including barley straw and clay treatments. Barley straw can be 
applied as bales or as an extract and has been effective at reducing phytoplankton species 
such as Gymnodinium sanguineum and Heterocapsa pygmaea (Hagstrom et al. 2010). 
Barley straw liquor inhibited the growth of the common freshwater algae Synura 
petersenii, Dinobyron sp., and Microcystis aeruginosa. However, certain species had 
increased growth in the presence of barley straw liquor (Ferrier et al. 2005). Barley straw 
applied to ponds in which P. parvum blooms were occurring did not reduce 
ichthyotoxicity when compared to ponds in which barley straw was not used (Barkoh 
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2008). Field tests at Lake Possum Kingdom, TX demonstrated similar results (Roelke et 
a1. 2007). Barley straw extract did not reduce the growth or ichthyotoxicity of P. parvum 
cultures (Grover et a1. 2007). Clay flocculation has been used as a control measure for 
harmful algae and P. parvum blooms treated with clay showed a reduction in hemolytic 
activity and cell numbers after initial treatment, but numbers returned over time 
(Hagstrom et a1. 2010). There is concern that clay flocculation could harm sessile 
organisms and that the ability of P. parvum to encyst and germinate at a later time would 
reduce the effectiveness of clay treatment. 
The effort of prevention of P. parvum blooms necessitates an integrative approach 
involving the determination of the water quality parameters that precipitate blooms with 
specific attention to ion composition and concentrations. Spatial and temporal 
monitoring of water quality parameters and other biological, chemical, and physical 
factors can be used to develop more robust models for bloom prediction (Brooks et a1. 
2011). 
VI. SIGNIFICANCE 
Over the last several decades reports of harmful algal blooms have increased 
(Anderson et a1. 2002). Responsibility ranges from anthropogenic influences 
(Hallegraeff 1993) to climate change (Sellner et a1. 2003). The past thirty years have 
witnessed a rapid increase in the frequency and geographic distribution of Prymnesium 
parvum blooms in the United States with P. parvum identified in 18 states (Roelke et a1. 
2010; Brooks et a1. 2011). The environmental and economic devastation caused by these 
blooms to aquatic animal life and water resources and their re-occurring nature and 
spread, make Prymnesium parvum one of the greatest microalgal threats to American and 
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global inland water resources. Differences in toxin composition between geographic 
strains and the role of local environmental conditions on growth, bloom formation, and 
toxicity have created difficulties in understanding these dynamics. The multiple and 
sometimes contradictory reports on toxic effects and implicated molecules suggest that 
the identification of P. parvum toxins has not been unequivocally established (Manning 
and LaClaire 2010). The diverse array of assays characterizing toxic activity and the 
ability of physicochemical factors to affect toxicity after toxin release has futher 
complicated this area of research. Thus far, no molecule attributed to P. parvum toxicity 
has been documented to exist in lethal concentrations at fish kills; detection methods and 
standards for prymnesins are not commercially available. If a toxic principle from 
Prymnesium parvum can be identified that accumulates to lethal levels in the 
environment and is affected by physicochemical factors that influence or inhibit toxicity, 
then studies can be undertaken that include relevant experimentation with field and 
culture populations to assess cues for toxin accumulation; improved detection and 
monitoring methods; investigation into conditions that result in toxin inhibition after the 
compound has been released from the cell; and genetic studies to correlate gene 
expression patterns associated with growth and toxicity. No specific toxin genes have 
been detected thus far in P. parvuln (Medlin et a1. 2010). 
Our present study has identified an aggregate of acyl amides that are present in 
cultured P. parvum cells and culture supernate. These compounds were also identified in 
cells and whole water samples from multiple P. parvum fish kill sites, where they 
accumulate to near lethal levels. These compounds demonstrate hemolytic activity, 
cytoxicity to both mammalian and fish gill celis, and ichthyotoxicity. The toxicity of 
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unsaturated acyl amides is increased by the addition of divalent cations to the test media 
and increasing pH levels. The toxicity of fatty acids, previously implicated toxic 
molecules, were inhibited at high pH levels when tested against rainbow trout gill cells. 
These pH levels ret1ect those recorded at P. parvum blooms. We have developed a 
predictive model using non linear analysis, implementing artificial neural networks to 
investigate the effect of multiple stressors on toxicity. We demonstrate that mixtures of 
unsaturated acyl amides at environmentally relevant pH levels with the addition of certain 
inorganic metal salts show a dramatic increase in toxicity, illustrating these toxic 
compounds can be released into the environment where they can be affected by 
physicochemical parameters. This research demonstrates that aquatic toxicology must be 
examined with regard to environmental context. 
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CHAPTER 2 
IDENTIFICATION OF TOXIC ACYL AMIDES ISOLATED FROM THE 
HARMFUL MICROALGA PRYMNESIUM PARVUM 
I. INTRODUCTION 
The diversity of molecules implicated in P. parvum toxicity may reflect 
differences in geographic strains and biotic and abiotic factors in the affected water 
bodies. A variety of extraction techniques have been used to isolate toxins and 
experimentation has been performed with extracts representing mixtures of compounds 
and compound classes, whole water field samples, and cell free culture filtrate. A broad-
spectrum of biological assays has been used to characterize toxicity. As an example, 
previous studies have used cell-free supernate from the centrifugation of cultured cells 
tested against Gambusia minnows and tadpoles from the genera Rana and Bufo, which 
would have contained multiple compounds and compound classes (Shilo and Aschner 
1953). The majority of laboratory studies have isolated toxins in extracts of cell biomass 
using organic or polar organic solvents. Yariv and Hestrin (1961) found hemolytic 
material in a 1: 1 (v/v) propanol/water extraction of cultured cells. This extract was tested 
against fish with a variety of cofactors that facilitated ichthyotoxicity. Ulitzer and Shilo 
(1964) extracted cells with ethanol and tested this extract against Gambusia minnows 
adding cationic cofactors (Ca2+ and Mg2+) and increasing the pH from 7 to 9. Dafni and 
Shilo (1966) examined the toxicity of P. parvum ethanol extracts to Ehrlich ascites tumor 
cells by raising or lowering pH and temperature. A dried methanol extract of algal cell 
mass diluted with water and extracted with diethyl ether and I-butanol demonstrated 
hemolytic activity in both organic fractions. The organic fractions were separated over a 
silicic acid column eluting with 9: 1 CHCb:CH30H and subjected to medium pressure 
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liquid chromatography (MPLC) resulting in the isolation of the hemolysins l' -0-
octadecatetraenoyl-3' -0-(6-0- B-D-galactopyranosyl-B-D-galactopyranosyl)-glycerol 
and l' -O-octadecapentaenoyl-3' - 0-(6- O-B-D-galactopyranosyl-B-D-galactopyranosyl)-
glycerol (Kozakai et al 1982). Henrickson et al. (2010) partitioned whole cultures adding 
ethyl acetate to the aqueous algal culture media (Henricksen et al. 2010). The organic 
extract was separated using reversed-phase MPLC and bioactive material eluted in the 
100% methanol fraction. This fraction was separated using reversed-phase high pressure 
liquid chromatography and a solvent scheme from 40-100% acetonitrile in water. The 
suite of polyunsaturated fatty acids implicated in P. parvum toxicity eluted between 75% 
and 100% acetonitrile. Bioassay-guided fractionation employed both Pimephales 
promelas fray and MDA-MB-435 human cancer cells. 
The polycyclic polyether prymnesins were isolated using more polar solvents and 
a significantly more complex isolation scheme. Cells were washed with acetone and 
extracted with methanol and 80% propanol in water. These fractions were separated 
between water and ethyl acetate. The water fraction was separated using a series of 
reversed-phase solid phase extraction steps and the toxins were isolated using reversed-
phase HPLC (Igarashi 1999). Fractionation was guided using the minnow Tanichthys 
albonubes. Adding Ca2+ as a cofactor increased the toxicity of prymnesins by two orders 
of magnitude from 300 nM to 3 nM (Igarashi 1999). 
Standards of prymnesin 1 and 2 or crude extracts of toxic material are not 
available and the variety of detection and isolation methods have resulted in the 
identification of multiple compounds and compound classes reportedly responsible for 
the toxicity of P. parvum. Generally, uncharacterized toxic extracts share similar 
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properties such as solubility in organic solvents, similarity to surfactants, and possession 
of polar and non polar moieties (Shilo 1967). The difficulty in separation and 
characterization of crude extracts typically indicates that the toxic compounds are a 
closely related suite of compounds, or need to be activated by environmental parameters 
that are not being replicated in the laboratory. The multiple compounds implicated in P. 
parvum toxicity may reflect the diverse bioassays utilized in toxin research such as 
erythrocytes to assess hemolytic activity, mammalian or human cells to demonstrate 
cytotoxicity, and fish and aquatic organisms to illustrate ichthyotoxicity. Differences can 
exist between toxin content and composition in disparate geographical algal strains that 
are dependent on both biotic and abiotic environmental conditions as well as the 
community composition such as variation in competitors and grazing pressure. It is 
probable that the diversity and discrepancies in compounds implicated in P. parvum 
toxicity reflect these geographical differences (Plumley 1997). In addition to strain, 
growth phase, and the examination of cells and/or culture media may result in differences 
in toxin composition (Manning and LaClaire 2010). Previous studies have extracted and 
investigated toxins using P. parvum cells (Dafni and Shilo 1966), cell-free supemates 
(Shilo and Aschner 1953, whole cultures (Henrickson et al. 2010), and water samples 
(Valenti et al. 2010). 
Prymnesium parvumwhen grown under nitrogen and phosphorus limitation 
increases in apparent toxicity compared to nutrient replete conditions from mesocosm 
experiments (Roelke et al. 2007). Phosphorus-limited f). parvum cultures produced 10 to 
20 fold higher concentrations of intracellular toxic metabolites and higher concentrations 
of toxins were also found in the culture filtrate (Shilo 1967; Shilo 1971). Cell-free filtrate 
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from Nand P limited P. parvum cultures significantly inhibited the growth of 
phytoplankton when compared to filtrate from nutrient-replete cultures (Graneli and 
Johansson 2003). This suggests a possible allelopathic role for these toxins produced 
under nutrient limitation. The higher titers of these uncharacterized toxins obtained in the 
culture fluid provide strong evidence that P. parvum toxins are exotoxins exuded from 
cells into the surrounding environment. The production of these compounds could give 
P. parvum a competitive advantage over other species when nutrients are limited. 
In the this chapter we chemically define the toxins from P. parvum grown under 
nitrogen and phosphorus-limited laboratory conditions as well as from algae collected at 
an ichthytoxic harmful algal bloom event in Texas. We also examined supemates from 
laboratory cultures and field collected algae to detect the presence of exotoxins. 
Bioassay-guided fractionation utilizing semi-preparative HPLC-mass spectrometry (MS) 
and nuclear magnetic resonance spectroscopy (NMR) was used to identify a suite of 
biologically active acyl ami des that were detected in laboratory and field-collected 
samples. These compounds were cytotoxic to Neuro 2A and GH4Cl cells as well as 
ichthyotoxic to larval red drum. 
II. MATERIALS AND METHODS 
Algal culture and sample collection. Field samples were collected from Lake 
Wichita, TX during 2-4 February 2009 (Figure 2.1). Water samples were collected from 
the shoreline on the western lake edge about I km from the overflow dam. Water 
(approximately 320 L) was transported to the laboratory and passed through CI8 SPE 
held in an evacuated glass column « 15 psi vacuum). CI8 sorbent was immediately 




Figure 2.1. Map of sampling site. (A) Map depicting sampling site at Lake Wichita, 
TX. (B) Photograph of fish kill during P. parvuln bloom at Lake Wichita, TX. 
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Several Prymnesium parvum strains (WY I-a generous gift of the late Paul 
Kugrens, Colorado State University and UTEX strain 2797) were grown in unialgal 
culture using BG-11 media (Appendix A) supplemented with 50 mLIL soil water and 6 
%0 NaCl. Cultures were grown using reduced amounts of nitrogen and phosphorus to 
induce nutrient limitation, e.g. N/4 or P/4 concentrations. Cultures were harvested in late 
exponential growth phase by centrifugation of cell pellets and passing supemates through 
bulk C-18 sorbent. Cell pellets and C 18 were frozen at -80°C until processed. 
Extraction and isolation. Cultured and field-collected algal cell mass was 
lyophilized to dryness. An elutropic extraction scheme using solvents with increasing 
polarity (dichloromethane, ethyl acetate, methanol, and water) was used to fractionate 
toxic compounds in samples by polarity. Toxicity was determined using colorimetric 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays on two 
mammalian cell lines. Field-collected water samples were concentrated using C 18 
sorbent and extracted first with methanol followed by ethyl acetate. Both fractions were 
cytotoxic. Due to the large volumes of sample both the ethyl acetate and methanol 
extracts were further fractionated through 10 grams of silica gel (Fisher Scientific 
Company, Fairlawn, NJ) by eluting with increasingly more polar solvents from 
chloroform to methanol. Each of these fractions was assayed for cytoxicity. Bioactive 
fractions were subsequently fractionated by HPLC with a Jupiter Proteo column (3 J.lm 
particle size, 4.6 x 250 mm) (Phenomenex, Torrance, CA) using a reverse-phase 
water/ ACN gradient with 0.1 % TF A in each solvent. Mass spectrometry was carried out 
using an Agilent 1100 series MSD model (Agilent Corporation, Santa Clara, CA). Flow 
conditions were 1.00 mL/min flow rate, 50:50 water/ACN (held for five minutes) 
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followed by a linear gradient over 25 minutes to 100% ACN. The ACN was then held 
for ten minutes before returning to initial flow conditions for 15 minutes to ensure 
complete column reconditioning. One-lninute fractions were collected for bioassay. 
Individual compounds were obtained via semi-preparative HPLC-MS 
purification. This was carried out using a Waters HPLC system [(Waters 2767 Sample 
Manager, 1525 Binary Pump, 510 pump,Waters 2996 PDA and a Waters ZQ Single 
Quadrature Mass Detector outfitted with an active flow splitter, switching valve and 
using Mass Lynx software (Waters Corporation, Milford, MA)] with time-based 
collections. The flow scheme was identical to the previously described fractionation 
method. Isolated compounds were then structurally characterized by MS/MS and NMR. 
Cytotoxicity assay. After each extraction and fractionation step a series of 
bioassays was performed. Each fraction was evaporated under N2, reconstituted in 100 
J.!Lof methanol, and tested for cytotoxicity using GH4C 1 rat pituitary (A TCC, CCL-82.2) 
and mouse Neuro 2A neuroblastoma (A TCC, CCL-131) cells. The cells were plated at 
2.8 x 104 cells/well in 96-well plates and allowed to adhere at 37°C in 5% CO2 for a 
minimum of 12 hours. Four microliters of each extract was added to the cells and the 
assay plate was incubated for 24 hours. Cell viability was determined using a 
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay 
(Mosmann 1983). After the incubation 15 J.!L of MTT (5 mg/mL) was added. Within 
four hours living cells with functioning Initochondria reduced the yellow MTT into 
purple formazan crystals. Next, 100 J.!L of 10% (w/v) SDS with 0.01 % HCI (v/v) was 
added to lyse the cells and solubilize the crystals, yielding a purple color. Wells with 
non-viable cells remained yellow, while cells with viable cells were visibly purple. 
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Larval fish assay. Two- to three-day-old red drum larvae (Sciaenops ocellatus) 
were provided by the South Carolina Department of Natural Resources and placed into 
3.4 mL wells with 1 mL of seawater. A mixture of the eight cytotoxic fractions was 
reconstituted in ethanol and added to the wells at concentrations of 400 f.lg/mL, 100 
f.lg/mL, and 20 f.lg/mL with an equal volume of ethanol added as a vehicle control. 
Mortality was assessed at 1, 2, 4, 6, 8, and 24 hours after toxin exposure. 
Structural characterization. Four purified samples were submitted for high 
resolution mass analysis at the Mass Spectrometry Laboratory at the University of South 
Carolina. All eight active samples were analyzed by MSIMS fragmentation analysis 
using an Agilent Ion Trap MSD via direct infusion. Samples were structurally analyzed 
using a Bruker DMX 500 MHz NMR equipped with a 5 mm triple nucleus gradient probe 
(X-WIN-NMR software). One-dimensional proton (IH) and carbon (13C) experiments 
and two-dimensional IH_IH Correlation Spectroscopy experiments (COSY) were carried 
out to structurally characterize compounds. 
Comparison of natural acyl amides to synthetic standards. Acyl amides were 
synthesized by the Lipidomic Shared Resources, Medical University of South Carolina 
(MUSC). The synthesis of lin oleyl hydroxamic acid is currently being investigated. 
Synthetic samples and acyl amides isolated from P. parvum were reconstituted in 
methanol, and analyzed by LC-MS with a Luna C18 column (2.5 Ilffi particle size, 2.0 x 
100 mm) (Phenomenex, Torrance, CA) using a reverse-phase water/ACN gradient with 
0.1 % TFA in each solvent. Analysis was carried out using a Waters HPLC system 
[(Waters 2767 San1ple Manager, 1525 Binary Pump, Waters 2996 PDA and a Waters ZQ 
Single Quadrature Mass Detector using Mass Lynx software (Waters Corporation, 
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Milford, MA)]. Flow conditions were 0.20 mUmin flow rate, 50:50 water/ACN (held for 
two minutes) followed by a linear gradient over eighteen minutes to 100% ACN. The 
ACN was then held for three minutes before returning to initial flow conditions for six 
minutes. 
III. RESULTS 
Bioassay-guided fractionation using mammalian cells and larval fish. All 
initial ethyl acetate and methanol extracts from cell culture, field-collections, and filtrates 
were bio-active (Figure 2.2). Following HPLC-MS fractionation, one predominant 
chromatographic band of activity-cytotoxic to both cell lines-was observed from field-
collected cell mass, cultured cell mass, and supernate samples, with consistent retention 
times and nominal masses (Fig. 2.3). The band was consistent in both methanol and ethyl 
acetate fractions from all samples. The fractions were combined before the larval fish 
assay to conserve material. After one hour, fish in the 400 Ilg/mL well became visibly 
distressed and disoriented, and 100% mortality occurred after 4 hours. At 100 JlglmL, 
100c}b mortality occurred after 6 hours. Mortality did not result after 24 hours in the fish 
exposed to 20 Jlg/mL of the cytotoxic fractions. 
Structural characterization of toxic fractions. Each toxic fraction was 
designated by its predominant mlz ion fragment (282a, 282b, 280, 296, 257, 228, 284, 
338). The IH NMR resonances of each toxic fraction were consistent with those of 
saturated and unsaturated fatty acids. Sample 282a reconstituted in methanol-d4 showed 
a methyl resonance at 0.92 pPlTI, saturated carbon chain resonance from 1.27 - 1.41 ppm, 
a methylene resonance at 1.62 ppm, a methylene resonance at 2.06 ppm, a methylene 
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Figure 2.2. Initial assays from crude extracts of P. parvum cell mass. Methanol and 
ethyl acetate extracts were reconstituted in methanol and tested against Neuro 2A cells in 
duplicate. Additions of extracts to cell wells were 4, 2, and 1 ~L. The MTT assay is 
colorimetric with yellow wells representing non-viable cells and purple wells 














Figure 2.3. LC-MS spectra of P. parvum extracts from (A) cell culture, (B) 
supernate, and (C) field-collection. Fractions active in cytotoxicity assays are boxed in 
black. Active fractions from all extracts had consistent retention times and peaks (red 
line) with corresponding nominal mJz as exemplified with mJz 282 in all extracts. (D) 
Assay plate correlating LC-MS spectra (panel A) and cytotoxicity with active fractions 
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Figure 2.4. Oleamide IH NMR spectra. Sample 282a reconstituted in A) methanol-d4 
and B) acetonitrile-d3. Use of an aprotic solvent allowed for visualization of NH2 
protons and identification of the sample as oleamide. Solvent peaks are denoted with (*). 
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when the sample was reconstituted in acetonitrile-d3, a broad singlet was observed at 
6.00 ppm due to NH2 protons (Figure 2.4 B), confirming that this compound was 
oleamide (9-cis-octadecenamide) and not oleic acid. The 13C spectrum was indicative of 
an unsaturated lipid with an olefinic carbon resonance at 129 ppm and aliphatic 
resonances from 13 to 35 ppm (Figure 2.5). High resolution mass spectrometry (HRMS) 
measurement indicated an mJz of 282.2793 and molecular formula of C18H35NO+H+ 
(Table 2.1). Fragmentation of the parent ion (mlz 282 M+H+) using MS/MS resulted in 
mlz 265 (parent - NH3), and 247 (parent - NH3 and H20) (Figure 2.6). Sample 282b had 
an identical mass spectral fragment pattern as 282a. However IH NMR showed that the 
olefinic proton resonance of 282b was at 5.4 ppm slightly downfield of the olefin 
resonance of oleamide, and the allylic proton resonance was shifted slightly upfield at 
2.00 (Figure 2.7) indicating that this compound is the trans geometric isomer of oleamide, 
elaidamide (9-trans-octadecenamide). Sample 280 reconstituted in methanol-d4 showed 
a methyl resonance at 0.92, a broad singlet from 1.28 - 1.38, methylene resonances at 
1.61,2.10,2.29, and 2.88, and an olefinic resonance at 5.39 (Figure 2.8). Integration of 
the olefinic protons indicated the presence of four protons and a two-dimensional COSY 
experiment demonstrated that the olefinic protons were coupled to methylene protons at 
2.88 ppm confirming that this molecule had two double bonds (Figure 2.9). 
Identification of this compound as linoleanlide was confirmed by HRMS measurement 
indicating a mJz of 280.2636 and molecular formula C18H33NO+H+ (Table 2.1) and 
MS/MS fragmentation of the parent ion (mlz 280 M+H+) yielded mlz 263 (parent - NH3), 
and 245 (parent - NH3 and H20) (Figure 2.10). The remaining five samples were 
analyzed in a similar fashion resulting in identifications of myristamide, palmitamide, 
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* 
All phatic region 
Olefin 
150 100 50 
Figure 2.5. Ole amide 13C NMR spectra. Sample 282a from cultured P. parvum 
reconstituted in methanol-d4 with olefinic carbon and aliphatic region designated. 
Solvent peak is denoted with (*). 
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Table 2.1. Accurate mass measurements of acyl amides 
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Figure 2.7. Resonance differences between oleamide and elaidamide. IH NMR 
spectra showing chemical shifts of olefinic (A and B) and allylic (C and D) protons 
illustrating changes in chemical shifts between geometric isomers oleamide and 
elaidamide. 
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Figure 2.8. 1H NMR of sample 280 from cultured P. parvum. Sample was 
reconstituted in methanol-d4. The sample was unambiguously identified as linoleamide. 
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Figure 2.9. COSY spectrum of linoleamide from cultured P. parvum in methanol-
d4. Coupling between olefinic protons and methylene protons are shown encircled and 
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Figure 2.11. Toxic compounds isolated using bioassay-guided fractionation. Seven 
primary acyl amides and one hydroxamic acid identified as toxic principles from P. 
parvum as discussed in this chapter. 
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Figure 2.12. Linoleamide mass spectrunl showing McLafferty rearrangement. The 
diagnostic ion fragment at mJz 59, which represents a loss of the fragment show above, 
was observed for all acyl alnides and the hydroxanric acid isolated from P. parvunl. 
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stearamide, erucamide, and linoleyl hydroxamic acid (Figure 2.11). All compounds 
isolated and characterized from P. jJarvum displayed an ion fragment at mlz 59, which is 
characteristic of all primary fatty acid amides. This represents a loss of H2C=C-NH2-
OH+ due to the McLafferty rearrangement (Figure 2.12). Seven samples were also 
compared to fatty acid amides synthesized by the Lipidomics Shared Resources, MUSC. 
Each natural sample demonstrated an identical retention time (RT) to its synthetic 
standard (Table 2.2) and identical mass spectral fragmentation pattern. 
IV. DISCUSSION 
U sing accurate mass analysis to determine the molecular formulae of toxic 
compounds isolated from P. parvum and MS/MS and NMR spectroscopy to 
unambiguously characterize these compounds, the major toxic compounds fron1 both 
laboratory-grown and field samples of P. parvum analyzed are a suite of primary acyl 
amides: myrstamide, palmitamide, stearamide, oleamide, elaidamide, linoleamide, 
erucamide, and one hydroxamic acid: linoleyl hydroxamic acid. These compounds were 
also isolated from the culture media and field-collected water samples, indicating that 
they are secreted, excreted, or released from the cells upon lysis and thus may be 
bioavailable to fish and other aquatic organisms. These compounds were toxic 
individually to two mammalian cell lines (Neuro 2A and GH4Cl) and toxic (in a 
mixture) to larval red drum. Primary acyl amides exhibit many of the same properties as 
toxic P. parvum extracts including solubility in organic solvents, similarity to surfactants, 
and polar and nonpolar moieties (Shilo 1967). It must be noted that throughout our 
bioassay-guided fractionation procedure known prymnesins were not identified by MS or 
NMR. While it is possible these compounds could have been present, they did not appear 
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Table 2.2. Comparison of synthetic and natural acyl amides. 
Acyl amide from P. parvuln Retention Time (min) Identical RT to Synthetic 
Myristamide 13.7 Yes 
Linoleamide 15.8 Yes 
Palmitamide 17.9 Yes 
Oleamide 18.5 Yes 
Elaidamide 19.0 Yes 
Stearamide 21.7 Yes 
Erucamide 25.4 Yes 
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to accumulate to lethal levels in our culture samples and field samples. Unsaturated fatty 
acids were present in the samples but did not display toxicity at the concentrations tested 
after multiple rounds of fractionation. 
While fatty acids have been implicated in ichthyotoxicity and the cytotoxicity of 
phytoplankton and cyanobacteria, existing possibly as allelochemicals or grazing 
deterrents (Collins 1978; Kamaya et a1. 2003; Wu et a1. 2006; Alamsjah et al. 2007; 
Manning and LaClaire 2010), this is the first study known to the authors that implicates 
acyl amides as the toxic metabolites of Prymnesium parvum. Acyl amides are typically 
found in grasses and microalgae (Dembitsky et a1. 2000). Several of these compounds 
were isolated and characterized as major components of the glandular trichome of 
Medicago sativa, a terrestrial alfalfa species resistant to the potato leafhopper, Empoasca 
fabae (Ranger et a1. 2005). Synthetic N-(3-methylbutyl) amide of linoleic acid deterred 
potato leafbopper grazing in a dose-dependent manner and the production of this 
compound is likely involved in pest resistance (Ranger et a1. 2005). Hexadecanamide 
and octadecanamide were both identified in an essential oil extract from the seagrass 
Zostera marina (Kawasaki et a1. 1998). Eight acyl amides were also identified in the 
freshwater green algae, Rhizoclonium hieroglyphicum with oleamide as the major 
component (Dembitsky et a1. 2000). Grenadamide, a cyclopropyl-containing fatty acid-
derived amide metabolite isolated frolll the cyanobacteria Lyngbya majuscula, exhibits 
both brine shrimp toxicity and cannabinoid receptor binding activity (Sitachitta and 
Gerwick 1998). Seven arachidonoylethanolalnide-like compounds (semiplenamides) 
were isolated and characterized from the cyanobacteria Lyngbya semiplena (Han et a1. 
2003). These compounds also possessed toxicity to brine shrimp and exhibited modest 
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cannabinoid receptor binding activity (Han et al. 2003). Further investigations into 
microalgae may yield novel acyl amides with pharmacological and biological relevance. 
Oleamide is a sleep-inducing lipid and decreases body temperature and locomotor 
activity in a dose-dependent manner when administered to rats (Huitron-Resendiz et al. 
2001). The exact mechanism of oleamide activity is not known, but it appears to 
inactivate gap junctions in rat glial cells (Guan et al. 1997). Oleamide activity at the gap 
junction is structurally specific in terms of the 119 cis double bond and amide bond as 
oleic acid and elaidamide did not demonstrate the same inhibitory effect (Guan et al. 
1997). Oleamide potentiates the action of 5-hydroxytryptamine on the 5HT2A and 5HT2c 
receptors. This action is structure-specific, as the fully saturated octadecanamide inhibits 
the receptor response (Huidobro-Toro and Harris 1996). In addition to serotonin receptor 
potentiation, rat behavioral asssays indicate that oleamide acts on multiple 
neurotransmission systems. Oleamide induces vasorelaxation in rat mesenteric arteries in 
a manner similar to arachidonoylethanolan1ide (Hoi and Hiley 2006) - another example of 
the cannabinoid-like effects of oleamide. 
The trans isomer of oleamide, elaidamide, is a potent inhi bitor of the xenobiotic-
metabolizing enzyme microsomal epoxide hydrolase (mER) (Morisseau et al. 2001). The 
inhibition of this enzyme by elaidamide resulted in enhanced toxicity of the epoxide-
containing xenobiotic cis-stilbene oxide (Morisseau et al. 2001). Elaidamide possesses 
structural similarities to the known mEH inhibitor valpromide. 
Linoleamide has similar sleep-inducing properties to oleamide but also affects 
Ca2+ channels and increases intracellular calcium levels in MDCK renal tubular cells by 
releasing Ca2+ stored in the endoplasmic reticulum (Huang and Jan 2001). This 
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compound inhibits the inwardly rectifying K+ current in a concentration-dependent 
manner in rat pituitary GH3 cells. The inwardly rectifying K+ current was also inhibited 
in IMR-32 human neuroblastoma cells upon linoleamide exposure (Liu and Wu 2003). 
Erucamide ((Z)-13-docosenamide) displays angiogenic activity in bovine 
mesentery, but did not induce endothelial proliferation or an inflammatory reaction 
(Wakamatsu et al. 1990). Erucamide inhibits water efflux in intestinal tissue exposed to 
cholera toxin acting as an anti-diarrheal agent. This biological activity was structure-
specific to erucamide as oleamide did not display similar potency in water modulation 
(Hamberger and Stenhagen 2003). However, the mechanism underlying this activity is 
not known. 
(Z,Z)-N-Hydroxy-9,12-octadecadienamide, linoleyl hydroxamic acid (LHA) 
displays biological activity as an inhibitor of lipoxygenases and cyclooxygenases, which 
are important enzymes in fatty acid metabolism and whose disruption is associated with 
several pathological states (Butovich and Reddy 2002; Butovich and Lukyanova 2008). 
Inhibition of potato lipoxygenase is through the possible formation of an Fe3+ :LHA 
complex (Butovich and Reddy 2002). The ICso values of LHA are over 3 orders of 
magnitude lower for certain lipoxygenases than cycloxygenases (Butovich and 
Lukyanova 2008). Metal containing organic toxins have also been characterized and 
reported in the dinoflagellate, Pfeisteria piscicida (Moeller et al. 2007). Divalent metals 
have been shown to be cofactors that increase the toxicity of P. parvum extracts (Yariv 
and Hestrin 1961; Ulitzer and Shilo 1966), and enhanced toxicity is observed in waters 
with high mineral content. 
V. CONCLUSION 
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A comprehensive strategy was employed to chemically define the toxins produced 
by P. parvum. We examined cells and culture media and water separately to identify 
endo- and exotoxins. We examined samples from laboratory culture and a fish killing 
bloom. We employed high resolution mass spectrometry and NMR spectroscopy in order 
to unequivocally identify individual toxic molecules whereas the majority of previous 
research characterized the toxicity of crude extracts containing multiple compounds and 
compound classes. We utilized multiple assays with two mammalian cell lines to assess 
cytotoxicity and larval red fish to assess ichthyotoxicity. 
Most of the research on the effects of acyl amides centers on mammalian systems, 
and little is known about their impacts on aquatic and marine ecosystems. Acyl amides 
have been observed to possess predator deterrence properties (Ranger et al. 2005) and 
have been shown to be toxic to aquatic organisms (Sitachitta and Gerwick 1998). Given 
the diverse biological activities displayed by these cOlnpounds, we suggest that they 
could cause extremely deleterious effects to aquatic life when produced in high 
concentrations during P. parvum bloom events. 
While we have identified a previously undescribed toxin class of P. parvum, 
further work will be necessary to fully characterize the toxicity of these compounds to 
erythrocytes, mammalian cells, and fish and to determine if they accumulate to lethal 
levels at bloom events. We will also examine the effect of a variety of abiotic factors on 
the toxicity of acyl amides. The parameters have been previously associated with the 
increased activity of P. parvum toxins. 
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CHAPTER 3 
CHARAC"fERIZATION OF ACYL AMIDE TOXICITY 
I. INTRODUCTION 
Amide bonds are found in naturally-occurring lipid compounds such as 
ceramides, glyco-sphingolipids, and other natural complex compounds (Bisogno et al. 
1998; Schmid et al. 1990; Dembitsky 2005). Primary acyl amides were first isolated and 
characterized in human plasma (Arafat et al. 1989). However, the biological function and 
activity of primary acyl amides was unknown until oleamide was isolated from the 
cerebrospinal fluid of sleep-deprived cats. Administering intraperitoneal injections of 
oleamide at nanomolar concentrations into rats induced sleep (Cravatt et al. 1995). 
Hibernating ground squirrels, Sperrnophilus richardsonii, had 2.6 fold higher 
concentrations of oleamide in brain tissue compared to non-hibernating squirrels, further 
illustrating the sleep-regulating properties of oleamide (Stewart et al. 2002). Primary 
acyl amides are now known to serve as lipid bioregulators displaying a diverse array of 
physiological activities and are formed by an amidation reaction between saturated and 
unsaturated fatty acids and an amine (Dembitsky 2000). 
Mouse neuroblastoma N18TG2 cells incubated with radiolabeled [1-14C]-oleic 
acid secreted oleamide containing 1-14C, indicating that these cells possess the enzymatic 
activity required for oleamide synthesis (Bisogno et al. 1997; Merkler et al. 2004). 
Inhibition of fatty acid amide hydrolase (FAAH), the enzyme that degrades acyl amides 
to the corresponding fatty acid and ammonia, increased the production of oleamide in 
N18TG2 cells (Bisogno et al. 1997). All acyl anlides are hydrolyzed by FAAH, but those 
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containing unsaturations in the cis orientation are hydrolyzed faster than long chain 
saturated acyl amides (Boger et al. 2000). While acyl amides are endogenously 
produced, the biosynthetic pathway of primary acyl amides remains to be unequivocally 
determined. One possibility is the amidation of fatty acyl-eoA thioesters by ammonia 
catalyzed by cytochrome c using hydrogen peroxide as a cofactor (Driscoll et al 2007). 
Another pathway involves N-acylglycine cleavage to the corresponding acyl amide and 
glyoxylate catalyzed by peptidylglycine a-amidating monooxygenase (Wilcox et al. 
1999). These pathways could overlap or multiple pathways may synthesize primary acyl 
amides as is the case with the in vivo production of N-acylethanolamines (Mueller and 
Driscoll 2007; Farrell and Merkler 2008). 
Acyl amides have been identified in a variety of cyanobacteria, micro- and 
macroalgae, and higher plants (Sitachitta and Gerwick 1998; Dembitsky 2000; Han et al. 
2003; Ranger et al. 2005) and have shown aquatic toxicity (Han et al. 2003) and pest 
resistance (Ranger et al. 2005) (Fig. 3.1). These compounds display a diverse array of 
bioactivities including sleep regulation (Huitron-Resendiz et al. 200 1), gap junction 
inhibition (Guan et al 1997), and ionic regulation (Huang and Jan 2001). The toxicity of 
primary acyl amides has not been well described, but we have shown in the previous 
chapter than these compounds display cytotoxicity to mammalian cell lines as well as 
ichthyotoxicity to rainbow trout gill cells and larval redfish. 
In this study, we assessed the environmental relevancy of acyl amides, 
determining the concentrations present at P. parvum fish kills. Neurotoxic, cytotoxic, 
ichthyotoxic, and hemolytic effects have all been attributed to P. parvum toxins (Yariv 
and Hestrin 1961) and we evaluated the toxicity of acyl amides using multiple assays that 
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Grenadamide N-(3-mettlylbutyl)amide of linoleic acid 
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Figure 3.1. Bioactive acyl ami des isolated from microalgae and plants. 
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have been used to characterize P. parvum toxins historically, and also employed an assay 
that previously has not been used, namely a rainbow trout gill cell viability assay. 
The site of action of the P. parvurn toxins is thought to be at the gill (Ulitzer and 
Shilo 1966; Yariv and Hestrin 1961). The gill is the site of gas exchange, ionic 
regulation, acid-base balance, and waste excretion in fish. Damage to the gill structure 
due to environmental stressors can alter physiological functions carried out by the gills 
(Evans 1987). The gill is in constant contact with water and is the site of absorption of 
environmental toxins and toxicants (Fernandes et a1. 2007). It has been shown previously 
that toxic extracts of P. parvum appear to destroy gill tissue, affecting fish and aquatic 
invertebrates (Ulitzer and Shilo 1964). The toxin is thought to target the permeability 
mechanism of the gill itself (Yariv and Hestrin 1961). After gill permeability is 
compromised, the animal hypothetically would be at increased risk from exposure to 
secondary infections and toxicants, with resultant morbidity or mortality (Ulitzer and 
Shilo 1966). Gill epithelial cells show morphological similarity to intact gill cells, 
establish polarity and can be used to test epithelial resistance (Lee et a1. 2009). These 
cells represent an in vitro model for ichthyotoxicity testing. 
In addition to bioassays, the effects of multiple abiotic parameters on acyl amide 
toxicity that have been associated with increased P. parvum bloom toxicity were 
determined. Divalent metals such as calcium and magnesium have been shown to 
increase P. parvum toxicity (Ulitzer and Shilo 1966). Prymnesium parvum blooms 
appear to display greater toxicity in waters with higher mineral content. The ion pairing 
to organic molecules may alter the solubility of these complexes partitioning them to 
solid phase and increasing their hydrophobicity (Jeon et a1. 2010). Prymnesium parvum 
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is more toxic at higher pH (Shilo and Aschner 1953; Shilo 1967). Samples collected 
from P. parvum blooms were shown to have decreased toxicity below pH 7.5 and 
increased toxicity at pH 8.5 (Valenti et al. 2010). As with ion-pairing, changes in pH can 
alter the ionized state of a toxin, increasing or decreasing its hydrophobicity and 
increasing or decreasing the ability of a toxin to cross a cell membrane (Shilo 1967; 
Valenti et al. 2010). 
Here we report that acyl amides identified from P. parvum exhibit hemolytic 
activity, cytotoxicity, and ichthyotoxicity. They have enhanced toxicity in the presence 
of divalent metals and increased pH, and act at the fish gill. We also report that at least 
one of these compounds accumulates to lethal levels in the environment, thus providing 
strong evidence that acyl amides are the primary ichthyotoxins involved in Prymnesium 
parvum fish kills. 
II. MATERIALS AND ME1'HODS 
Sample collection and acyl amide quantitation. Water samples were collected 
from multiple ponds at an Iowa koi farm in which P. parvum was identified as the 
dominant algal species present during a fish kill event. A control sample was taken from 
a reference pond where golden algae were not present and no fish mortalities were 
observed. One hundred milliliters of water were collected from each pond and filtered. 
Filters were immediately frozen at -80°C. Samples were extracted with 
chloroform:methanol (2: 1). These extracts were dried using N2 gas, reconstituted in 
methanol, and analyzed by LC-MS. Water samples were also collected by the Texas 
Parks and Wildlife Department (TPWD) from various bodies of water in Texas with P. 
parvum present. Cell counts were taken at these sites and an ichthytoxic unit (ITU) 
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assessment was made. An ITU value is determined by exposing fish to lake water from 
which the samples were taken in a system adjusted to pH 9.0 and monitoring mortality. 
Highly toxic samples are given an ITO value of 25. Moderately toxic samples are given 
an ITO value of 5, samples of low toxicity are given a value of 1 and samples with no 
observed toxicity are given a value of 0 (Table 3.1). Samples were extracted as 
previously described. 
LC-MS analysis was performed with a Luna C18 column (2.5 !lm particle size, 
2.0 x 100 mm) (Phenomenex, Torrance, CA) using a reverse-phase water/ACN gradient 
with 0.1 % TFA in each solvent. Analysis was carried out using a Waters HPLC system 
[(Waters 2767 Sample Manager, 1525 Binary Pump, Waters 2996 PDA and a Waters ZQ 
Single Quadrature Mass Detector using Mass Lynx software (Waters Corporation, 
Milford, MA)]. Flow conditions were 0.20 mUmin flow rate, 50:50 water/ACN (held for 
two minutes) followed by a linear gradient over eighteen minutes to 100% ACN. The 
ACN was then held for three Ininutes before returning to initial flow conditions for six 
minutes. 
The acyl amides previously detected in P. parvuln were synthesized by the 
Lipidomics Shared Resources, Medical University of South Carolina or purchased 
commercially (Sigma-Aldrich CO., St. Louis, MO and Eozo Biochem Inc., Farmingdale, 
NY): oleamide (1), linoleamide (2), elaidamide (3), stearamide (4), myristanlide (5), 
palmitamide (6), and erucamide (7) (Fig 3.2). The structure of each compound was 
structurally verified through mass spectrometry and nuclear magnetic resonance 
procedures. Purity was> 98% (purity by IH NMR integration). A series of increasing 
concentrations of each standard was analyzed using a Waters HPLC system and a Waters 
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Table 3.1. Environmental samples anal~zed in this stud~. 
Source Site Cells/mL lTV 
Iowa Koi Farm 
Control ND* ND 
Pond 27 NO ND 
Pond 30 ND ND 
Pond 33 ND ND 
Pond 34 ND ND 
Pond 50B ND NO 
Pond 53 ND ND 
TPWD 
Deep Elm 29000 25 
Colorado 64000 25 
Wildcat 71000 25 
Moss Creek 45000 25 
Dam 69000 25 
Johnson 86000 25 
FM 110000 25 
Gran FM51 99000 25 
Gran 377 79000 5 
PKDeep Elm 70000 5 
Wichita 71000 5 
Plum Lake 85000 5 
Gran Dam 42000 1 
PKBeach 62000 1 
PKDam 2000 0 
PKJohn 10000 0 
Whitney Creek 9000 0 
Whitney Bend 0 0 













Figure 3.2. Acyl amides investigated in this study (1) oleamide (2) linoleamide (3) 
elaidamide (4) stearamide (5) myristamide (6) palmitamide and (7) enlcamide. 
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ZQ Single Quadrature Mass Detector in selective ion Inonitoring (SIM) mode. An 
external standard calibration curve was constructed for each acyl amide with at least five 
calibration points. Wild sample concentrations were calculated from the external 
calibration curves. To examine intracellular concentrations of acyl amides in 
Prymnesium parvum, 4.2 grams of P. pan'um wet cell mass was lyophilized and 
extracted with chloroform:methanol (2: 1). The extract was dried with N2, reconstituted 
in n1ethanol and quantified using LC-MS. 
Hemolytic assays. Sheep blood cells in Alsever's solution (Colorado Serum Co., 
Denver, CO) were centrifuged at 400 x g for 10 minutes to remove sera and washed twice 
with phosphate-buffered saline (PBS). The pelleted cells were diluted 1:9 with PBS to a 
concentration of 1.7 x 108 cells/mL and 500 JlL of the cell solution was added to 1.5 mL 
microcentrifuge tubes. Each acyl amide was reconstituted in ethanol and added at 
concentrations of 1, 10, and 100 Jlg/mL. Ethanol (1 %) was added as a negati ve control 
and 10% sodium dodecyl sulfate (SDS) + 0.01 % hydrochloric acid (HCI) was used as a 
positive control. Samples were incubated at 37°C for 24 hours. Samples were then 
centrifuged at 1000 x g for ten minutes and the supernatant from each sample was 
removed and added to a 96 well cell plate. Sample absorbance (541 nm)was measured 
using an automated scanning spectrophotometer (BioTek Synergy HT) with KC4 
microplate data analysis software (Biotek Instruments, Inc., Winooski, VT). Percent 
hemolysis was determined by subtracting each salnple absorbance from the absorbance of 
the negative control and dividing by the absorbance of the highest positive control. 
Mammalian cell viability assay. A mouse neuroblastoma cell line (ATCC, 
CCL-131) (Neuro 2A) was obtained from the American Type Culture Collection (A TeC) 
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and grown to confluency in 25 cm2 flasks with Eagle's Minimum Essential Media 
supplemented with 10% fetal bovine serum (FBS) and penicillin (50 units/mL) and 
streptomycin (50 units/mL) and maintained at 37°C with 5% carbon dioxide (C02). A rat 
pituitary cell line (ATCC, CCL-82.2) (GH4C1) was obtained from ATCC and grown to 
confluency in 25 cm2 flasks with Ham's FlO Media supplemented with 15% horse serum, 
2.5% FBS, and penicillin (50 units/mL) and streptomycin (50 units/mL) and maintained 
at 37°C with 5% carbon dioxide. The confluent cell layers were detached and dispersed 
with trypsin-EDTA and cells were seeded in 96-well plates at a density of 28,000 cells 
per well, allowed to adhere, and grown to confluency for 24 hours. All seven acyl 
amides studied in this report were independently dissolved in ethanol and mixed with cell 
media for exposures of 24,48, and 72 hours. Ethanol (1%) was added as a vehicle 
control. Concentrations ranged from 0.01 to 100 Jlg/mL of each acyl amide (7 replicates 
of each acyl amide at each dose). A geometric series of concentrations was Llsed to 
determine LCso concentrations for those acyl amides in which exposure at concentrations 
of 100 Jlg/mL resulted in a complete loss of viability. Cell viability was determined 
using a colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) assay (Mosmann 1983). After the exposure period, 15 J.lL of MTT (5 mg/mL) 
was added, and the cell plates were incubated for four hours. Next 100 flL of 10% (w/v) 
SDS with 0.01 %HCI (v/v) was added to lyse the cells and solubilize the crystals yielding 
a purple color. The quantity of solubilized formazan crystals was measured at a 
wavelength of 570 nm using an automated scanning spectrophotometer (BioTek Synergy 
HT) with KC4 microplate data analysis software (Biotek Instruments, Inc., Winooski, 
VT). The data from the microplate reader were exported to Microsoft Excel and 
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reduction in cell viability was calculated as a percent of control. For LC50 determination, 
the mortality values of five replicate wells at each tested concentration were averaged and 
represented as percent mortality (control = 0% mortality). Each assay was repeated three 
times. An Le50 was obtained for each assay by interpolation of the concentration 
resulting in 50% mortality. The three LC50 values obtained for each assay were averaged 
and represented as mean and standard error of the mean. 
Rainbow trout gill cell viability assay. A rainbow trout gill cell line (A TCC, 
CRL-2S23) (RT gill-WI) was obtained from ATCC and grown to confluency in 25 cm2 
flasks with Leibovitz's LI5 media supplemented with 10% FBS and penicillin (50 
units/mL) and streptomycin (50 units/mL) and maintained at 19°C in air. The confluent 
cell layer was detached and dispersed with trypsin-EDTA and cells were seeded in 96-
well plates at a density of 28,000 cells per well, allowed to adhere, and grown to 
confluency for three days. All seven acyl amides studied in this report were 
independently dissolved in ethanol and mixed with cell media for exposures of 24 and 48 
hours. Ethanol (1 %) was added as a vehicle control. Cell viability and LC50 values for 
acyl amides were determined in the manner described previously. 
Addition of divalent cations. Acyl amides that showed toxicity to mouse 
neuroblastoma cells were also tested in combination with increasing concentrations of 
divalent cations. The inorganic salts calcium chloride (CaCI2) and magnesium sulfate 
(MgS04) were added to the Neuro 2A cell media at concentrations of 4 and 8 mM and 
copper chloride (CuCI2) and iron sulfate (FeS04) were added at 1, 10 and 100 J.lM. 
Concentrations of acyl amides at 12.5, 25, 37.5, and 50 J.lglmL were added to the test 
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wells with 1 % ethanol added to control wells. LCso values for each treatment were 
determined as previously described. 
pH. Neuro 2A and RT gill-WI media pH were determined to be 7.5. Media pH 
was altered to 6.5 and 8.5 by adding 1 M HCl and 1 M sodium hydroxide (NaOH) 
respectively. Cell viability and LCso values of acyl amides were determined at these 
three pH levels for Neuro 2A cells and for RT gill-WI cells. 
Mixture of oleamide and Iinoleamide. To assess the possibility of additive 
toxicity when cells are exposed to multiple acyl amides, a chemical mixture consisting of 
concentrations of compounds near their respective LCso values (oleamide at 37.5 }lg/mL 
and linoleamide at 19.25 }lg/mL) was prepared and added to Neuro 2A media at pH 7.5. 
Treatments of 37.5 }lg/mL of oleamide and 19.25 }lg/mL of linoleamide were tested 
individually and 1 % ethanol served as a vehicle control. 
Larval zebrafish assay. Larval zebrafish, 6 days post-fel1ilization, were placed 
into 24 well assay dishes, one fish per well, in one mL of distilled water with 60 }lg/mL 
of Instant Ocean®. The pH of the water was adjusted to 7.5 or 8.5 using NaOH and fish 
were exposed to increasing concentrations of linoleamide and oleamide (12.5, 25, 37.5, 
50, and 100 }lg/mL). Ten fish were exposed to each concentration of the respective acyl 
amide. Mortality was monitored at 2 and 24 hours. LCso values were determined using 
the Probit method (Finney 1952). 
Statistics. Concentrations of individual acyl amides from the Iowa Koi pond 
samples were averaged. For the TPWD samples., total amide concentration was 
determined for each sample and corrected for cell count. Samples were assigned to three 
groups based on ITU value (25, 5, or 0-1) and the relationship between lTD and total 
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fatty acid amide concentration was analyzed using a non-parametric Kruskal-Wallis test 
followed by a Bonferonni correction. Differences in the toxicity of acyl amides and 
mixtures of acyl amides were assessed by an ANOV A followed by Tukey's multiple 
comparison procedure. Time course data was analyzed using an ANOV A followed by 
Tukey's multiple comparison procedure to assess differences at all time points. 
Significant differences between controls and divalent cation and pH treatments were 
determined by an ANOV A followed by Dunnett's multiple comparison procedure. 
Significant differences in cell viability between fatty acids and acyl amides were 
determined by Student's t-test. Data was tested for normality using the Shapiro-Wilk 
normality test. Probit analysis was performed by converting % mortality to probability 
units (probits) and taking the log values of the concentrations tested. Regression analysis 
was performed graphing probits versus the log of the concentrations tested. The LCso is 
the inverse log of the concentration resulting in a probit of 5 on the regression line. 
III. RESULTS 
Quantification of field samples. After extracting and analyzing 4 grams wet 
weight of P. parvurn cells, two acyl amides were detected, linoleamide and oleamide with 
concentrations of 1.2 and 0.41 ~g/gram wet weight respectively. Acyl amides were 
detected in samples from a P. pallJum fish kill from an Iowa koi farm and concentrations 
are listed in Table 3.2. Oleamide was clearly the most abundant with an average 
concentration of 2.87 ± 1.24 ~g/mL (mean ± SD) which was 50 times greater than the 
concentration of oleamide found from a control pond at the farm (0.048 ~g/mL). No 
other acyl amide appears to have accumulated to lethal levels but mean concentrations 
from fish kill ponds were greater than those found at the reference site. Highly toxic field 
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Table 3.2. Concentrations of acyl amides in ponds from Iowa Koi farm fish kill. 

















2.87 + 1.24 
0.029 + 0.015 
0.058 + 0.029 
0.052 + 0.026 
0.015 + 0.010 
0.008 + 0.003 
0.024 + 0.014 
samples (lTV = 25) had a total acyl amide concentration of 410.0 + 81.0 J.lg/L, while 
samples with lTV values of 5 and 0-1 had concentrations of 3.0 + 1.3 J.lg/L and 1.5 + 0.5 
J.lg/L. Total acyl amide concentrations from field sites in Texas with lTD values of 25 
were significantly higher than concentrations at sites with ITO values of 5 and 0-1 when 
correcting for cell counts (Table 3.3). No significant difference in acyl amide 
concentrations was observed between sites with lTV values of 5 and 1 (Table 3.3). 
Hemolytic activity. Only the cis unsaturated acyl amides, linoleamide and 
oleamide, demonstrated hemolytic activity (Fig. 3.3). Increasing concentrations of 
linoleamide and oleamide demonstrated increasing hemolytic activity against sheep red 
blood cells with 100 fJ,g/mL concentrations displaying about 50% hemolysis (Fig. 3.3). 
No saturated acyl amide or trans acyl amide (elaidalnide) displayed hemolytic activity 
above 12% even at concentrations of 100 ~lg/mL. 
Mammalian cell viability. Linoleamide and oleamide displayed the greatest 
amount of cytotoxicity to Neuro 2A cells (Fig. 3.4 A-G). These were the only two 
compounds to demonstrate near 100% loss of cell viability (Fig. 3.4 A-G). There appears 
to be an increase in toxicity with increasing acyl amide unsaturation state and cis 
orientation (Fig. 3.4 H). Oleamide and linoleamide were significantly more toxic to 
Neuro 2A cells at concentrations of 100 J.lg/mL (Fig. 3.4 H). As shown in Figure 3.4, 
elaidamide (the trans form of oleamide) decreased cell viability to 72%, whereas 
oleamide decreased cell viability to 13%. The LCso of linoleamide against Neuro 2A 
cells was 20.9 + 0.7 J.lg/rnL and the LCso of oleaolide was 34.1 ± 0.6 J.lg/mL. All seven 
acyl amides tested showed greater toxicity to Neuro 2A cells than GH4C1 cells with only 
linoleamide exposure resulting in loss of viability greater than 50% in the GH4C 1 cell 
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Table 3.3. Comparison of total acyl amide concentrations from selected field sites. 
Bonferroni's mUltiple 95% Clof Adjusted P 
comparisons test Mean Difference difference Value 
25 vs. 5 6663 1811 to 11515 0.0064* 
25 vs. 0-1 
5 vs. 0-1 




2177 to 10736 
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Figure 3.3. Oleamide and Iinoleamide demonstrate hemolytic activity. Increasing 
concentrations of oleamide and linoleamide (1, 10 and 100 Jlg/mL) show a dose-
dependent increase in % hemolysis of sheep red blood cells. Bars represent mean % 
hemolysis (n=3) compared to control. Error bars are standard error of the mean. 
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Figure 3.4. Acyl amides are toxic to Neuro 2A cells. Acyl amides were tested at 
concentrations of 0.01, 0.1, 1, 10 and 100 ~g/mL. Bars represent mean % viability of 7 
treated wells compared to control (1 % methanol). (A) linoleamide (B) oleamide (C) 
palmitamide (D) stearamide (E) erucamide (F) myristamide (G) elaidamide (H) 
Comparison of viability loss of all seven acyl amides tested at 1 00 ~g/rnL using an 
ANOV A and Tukey's multiple comparison procedure. Error bars represent standard error 
for each mean value. * represents viability results that are significantly different from 
other treatments (**p < 0.01). 
85 














20 ro --> 
0 











0 .GH4C"1 - 60 ~ 








1 10 100 
CotlCetltratiorl (~g/mL) 
Figure 3.5. Acyl amides are more toxic to neuronal cells than to epithelial cells. (A) 
Linoleamide and (B) oleamide were tested at concentrations of 1, 10 and 100 !lg/mL 
against Neuro 2A cells and GH4Cl cells with greater loss of cell viability observed in the 
Neuro 2A cell line. Bars represent mean 0/0 viability of 7 treated wells compared to 
control. Error bars are standard error. * represents values significantly different between 
treatments analyzed by Student's t-test (*p < 0.05, **p < 0.0001). 
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line at the concentration range tested (LCso = 66.8 ± 5.0 J-lg/mL) (Fig. 3.5 A & B). 
Increasing the time of acyl amide exposure to Neuro 2A cells resulted in a significant 
decrease in cell viability. Oleamide administered to Neuro 2A cells at 1 and 10 J-lg/mL 
resulted in significant decreases (p < 0.0001) in cell viability at 48 and 72 hours when 
compared to the 24 hour timepoint (Fig. 3.6 A). After 24 hours, a 1 J-lg/mL exposure 
resulted in no change in cell viability compared to control. However, after 48 and 72 
hour exposure, cell viability was reduced to 75% and 70% respectively (Fig. 3.6 A). 
After 24 hours, a 10 J-lg/mL exposure resulted in no reduction of cell viability compared 
to control, but a 48 hour exposure resulted in a reduction in cell viability to 69% and a 72 
hour exposure resulted in a reduction in cell viability to 61 % (Fig. 3.6 A). A reduction in 
cell viability was observed at an exposure of 100 f,lg/mL at 48 and 72 hours, but the 
change was not significant (p > 0.05) (Fig. 3.6 A). The remaining six acyl amides 
demonstrated increased toxicity when exposure time was increased when tested against 
Neuro 2A cells (data not shown). Linoleamide was the only acyl amide that showed a 
greater reduction in cell viability against GH4C 1 cells as the exposure time was 
increased. Significant reductions in cell viability were observed at 48 and 72 hours \vhen 
cells were exposed to 100 J-lg/mL (p < 0.0001), but no significant differences were 
observed for 1 and] 0 f,lg/mL exposures at 48 and 72 hours when compared to a 24 hour 
exposure (Fig. 3.6 B). 
Adding the inorganic salts CaCI2, MgS04, CuCI2, and FeS04 at environmentally 
relevant concentrations to the cell culture media increased the toxicity of oleamide (Fig. 
3.7 A-D). All COlllpounds tested resulted in a quantitative decrease in the LCso of 
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Figure 3.6. Increasing time of acyl amide exposure results in reduced cell viability. 
(A) Oleamide administered at 1 and 10 J.lg/mL to Neuro 2A cells resulted in significant 
decreases in cell viability at 48 and 72 hours when compared to 24 hour time point. No 
significant decrease was observed at 100 J.lg/mL. (B) Linoleamide administered at 100 
J.lg/mL to GH4C 1 cells resulted in significant decreases in cell viability at 48 and 72 
hours when compared to the 24 hour time point. No significant differences were 
observed at 1 and 10 Ilg/mL exposures. Time points represent mean viability (n = 7) ± 
SEe Statistical analysis was performed using an ANOV A followed by a Tukey's multiple 
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Figure 3.7. Addition of divalent cations increases the toxicity of oleamide against 
Neuro 2A cells. LCso values (fJ,g/mL) from 3 independent assays with 5 replicates per 
assay were calculated for the addition of (A) CaC12 at 4 and 8 mM (B) MgS04 at 4 and 8 
mM (C) CuC12 at 1,10, and 100 fJ,M (D) FeS04 at 1,10, and 100 fJ,M and compared to 
control LCso values (no metals added) and analyzed using an ANOV A with Dunnett's 
multiple comparison procedures. * represents LCso values that are significantly different 
compared to controls (p < 0.05). Control treatments exposed to metal concentrations and 
1 % methanol without addition of oleamide did not show a significant difference from 
control treatments with 1 % methanol and no addition of metals. 
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at all concentrations tested, with iron sulfate decreasing the LCso of oleamide by 50% 
(Fig. 3.7 C, D). The LCso of oleamide was significantly decreased at 4 mM magnesium 
sulfate and quantitatively but not significantly at 8 mM (Fig. 3.7 B). Calcium chloride 
decreased the oleamide LCso quantitatively but not significantly at 4 mM and 8 mM (Fig. 
3.7 A). Addition of these compounds to cells exposed to linoleamide did not 
significantly increase toxicity (data not shown). 
Increasing pH to 8.5 resulted in a significant increase in linoleamide toxicity to 
Neuro 2A cells, demonstrated by an LCso reduced to 7.8 + 0.2 ~g/mL (mean ± SE). 
Decreasing pH to 6.5 resulted in a significant decrease in toxicity (Fig 3.8 A). However, 
when oleamide was tested at pH 6.5 and 8.5 no significant differences were observed. 
Gill cell viability. Acyl amides displayed less cytotoxicity to rainbow trout gill 
cells than they did to mouse neuroblastoma cells at pH 7.5. However the association 
between toxicity and unsaturation state reflected that which was observed when acyl 
amides were tested against Neuro 2A cells (compare Figs. 3.9 and 3.4 H). Linoleamide 
was the most toxic acyl amide to RT gill-WI cells with an LCso of 28.8 ± 0.2 ~g/mL 
(mean + SE). An increase in the toxicity of linoleamide was also observed with increased 
pH against gill cells with an LCso of 7.6 ± 1.0 Jlg/mL (mean ± SE) (Fig 3.8 B). Oleamide 
which was toxic to mouse neuroblaston1a cells, showed moderate toxicity to gill cells at 
pH 7.5. When pH was increased to 8.5 a dose-dependent increase in toxicity was 
observed with a viability loss of ..... 50% at concentrations of 12.5 ~glmL and a loss of 
..... 90% at 25 Jlg/mL (Fig. 3.8 C). These differences in toxicity were not due to the 
increased pH itself as no significant difference in viability was observed between control 



































































Control (pH 7.5) pH 8.5 
Figure 3.8. Increasing pH increases the toxicity of linoleamide and oleamide. (A) 
lioleamide toxicity against Neuro 2A cells is pH-dependent. * represents LCso values 
(!lg/mL) significantly different from control (pH 7.5) analyzed by an ANOVA with 
Dunnett's multipe comparison procedure (**p < 0.01). (B) Increasing pH from 7.5 to 8.5 
increases linoleamide toxicity against rainbow trout gill cells,...., 4-fold. * represents LCso 
values significantly different from control (pH 7.5) analyzed using a Student's t-test (p < 
0.05). (C) Increasing pH reduces rainbow trout gill cells viability when exposed to 
oleamide. * represents values significantly different between treatments analyzed by 
Student's t-test (* *p < 0.01). (D) Increasing pH from 7.5 to 8.5 does not decrease 
rainbow trout gill cell viability compared to control using Student's t-test (p > 0.05). 
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Figure 3.9. Toxicity of acyl amides to rainbow trout gill cells is associated with 
unsaturation state and cis orientation. Bars represent mean viability of seven replicate 
wells. Error bars are standard error. 
92 
corresponded to loss of cell viability in MTf assays. Addition of oleamide at a 
concentration of 6.25 ~g/mL did not result in significant loss of viability and there is no 
observable difference in the cell monolayer between control cells and cells exposed to 
concentrations of 6.25 ~g/mL (Fig. 3.10 B). Gill cells exposed to concentrations of 12.5 
~g/mL oleamide showed significant degradation and loss of confluency (Fig. 3.10 C). 
Gill cells exposed to concentrations of 3, 6.25, and 25 ~g/mL of linoleamide showed an 
increasing loss of confluency (Fig. 3.10 D-F). At linoleamide concentrations of 25 
~g/mL gill cells were completely degraded (Fig. 3.10 F). 
Acyl amide toxicity to zebrafish. No mortality occurred over 24 hours when 
larval zebrafish were exposed to oleamide at concentrations up to 100 ~g/mL at pH 7.5 
and 8.5. When larvae were exposed to linoleamide at pH 7.5, 70% mortality occurred at 
100 ~g/mL, but no mortality occurred at the other concentrations tested (12.5,25,37.5 
and 50 ~glmL). However, when larvae were exposed to linoleamide in water adjusted to 
pH 8.5, 100% mortality occurred at 25, 37.5, 50, and 100 J.1ghnL and 30% mortality 
occurred at 12.5 ~g/mL over 24 hours (Fig. 3.11). No mortality occurred in control fish 
exposed to 1 % methanol. An LCso of linoleamide could not be determined at pH 7.5 due 
to a lack of mortality observed at concentrations < 1 00 ~g/mL. The LCso of linoleamide 
at pH 8.5 was determined to be 9.5 ~glmL using Probit analysis. 
IV. DISCUSSION 
We have shown that two acyl amides, linoleamide and oleamide, possess 
hemolytic and cytotoxic properties that have been attributed to Prymnesium parvum 
extracts for decades. Oleamide accumulates to near lethal levels at one bloom site and a 
clear association exists between highly toxic field sites and acyl amides concentrations. 
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Figure 3.10. Oleamide and linoleamide degrade rainbow trout gill cells. Phase-
contrast micrographs ofRT gill-W1 cells (lOX). For all treatments pH at 8.5. (A) 
control (1 % methanol) (B) 6.25 ~g/mL oleamide (C) 12.5 ~g/mL oleamide (D) 3 ~g/mL 
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Figure 3.11. Increasing pH increases the toxicity of Iinoleamide to zebrafish larvae. 
Number of surviving larvae (n = 10) were counted after 24 hours of linoleamide 
exposure. Asterisks represent 0 survivors. 
95 
However, the association is not reflected in moderately toxic samples as these samples 
had acyl amide concentrations nearly equal to the concentrations in samples from low to 
no toxicity sites. We did not detect concentrations of any of the acyl amides in the 
sample from Whitney Bend, in which no toxicity or P. parvum cells were detected. 
Examining more samples of varying toxicity from a greater geographic range will 
determine if acyl amides are the primary ichthyotoxin at these bloom sites. Oleamide 
toxicity is increased upon addition of divalent cations, and increasing pH levels results in 
increasing toxicity for both oleamide and linoleamide against rainbow trout gill cells. 
These properties have also been shown for P. parvum toxic extracts and water samples. 
Field-collected water samples and P. parvum cultures demonstrated pH-dependent 
toxicity to Pimephales promelas and Daphnia magna with increased pH resulting in 
greater toxicity (Valenti et al. 2010). Primary acyl amides exhibit many of the same 
properties as toxic 'prymnesin' extracts including solubility in organic solvents, 
similarity to surfactants, and polar and nonpolar moieties (Shilo 1967). 
Fatty acids-specifically unsaturated fatty acids-have been implicated in the 
toxicity of harmful algal species including Prymnesium parvum (Henrickson et al. 2010). 
This is the first report to demonstrate the contribution of primary acyl amides in the 
toxicity of P. parvum. We compared the toxicity of oleamide and its corresponding fatty 
acid, oleic acid, against Neuro 2A cells at neutral pH (7.5) and illustrated that the acyl 
amide is more toxic than the fatty acid (Fig. 3.12 A). This was also the case for 
linoleamide and linoleic acid (Fig. 3.128). Acyl amides have been reported in the 
microalgae Rhizoclonium hieroglyphicum and plants (Dembitsky et al. 2000; Kawasaki et 
al. 1998) and several of the amides reported from cyanobacteria have shown bioactivities 
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Figure 3.12. Acyl amides are more toxic than fatty acids. (A) Oleamide and oleic 
acid were tested against Neuro 2A cells at concentrations of 37.5 and 50 J1,g/mL and (B) 
linoleamide and linoleic acid were tested against Neuro 2A cells at concentrations of 
19.25 and 37.5 Jlg/mL at pH 7.5. Bars represent mean % viability of7 treated wells 
compared to controL Error bars are standard error. * represents values significantly 
different between treatments analyzed by Student's t-test (***p < 0.001). 
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including defense and toxicity to aquatic organisms (Han et al. 2003; Ranger et al. 2005; 
Sitachitta et al. 1998). Luyen et aI., 2009 demonstrated that the lytic activity of 
unsaturated fatty acids isolated from the crustose coralline seaweed Lithophyllum 
yessoense increased with increasing unsaturation state (Luyen et al. 2009). We have 
shown that this appears to hold true in acyl amides as well (Fig. 3.4 H). The four most 
toxic acyl amides have carbon chain lengths of 16-18 and the two most toxic have cis 
unsaturations (Fig 3.4 A-H). While we focused on oleamide and linoleamide for the 
majority of this study, we cannot discount the contribution of the remaining five acyl 
amides and other acyl amides that are likely present, but have not yet been discovered in 
our research, to an increase in toxicity especially in light of the affect of multiple abiotic 
factors on toxicity. Linoleyl hydroxamic acid was not tested and its activity is of great 
interest. It would be most interesting to discover any differences in toxicity between a 
compound with a hydroxamic acid subunit and a compound with an amide. The presence 
of two unsaturations would indicate that this compound would likely display toxicity 
similar to linoleamide. It is important to note that a mixture of linoleamide and oleamide 
demonstrated at least additive toxicity against Neuro 2A cells (Fig. 3.13). In nature other 
acyl amides and lipid molecules may act additively or synergisticly. Acyl amides are 
more toxic to neuronal cells than epithelial cells (Fig. 3.5), which may be an illustration 
of the neurotoxic properties than have been attributed to P. parvum toxins (Yariv and 
Hestrin 1961). 
Divalent metal cofactors have been shown to increase P. parvum toxicity (Ulitzer 
and Shilo 1966). We have shown that FeS04 increases oleamide toxicity to Neuro 2A 





























Figure 3.13. A mixture of linoleamide and oleamide results in at least additive 
toxicity to Neuro 2A cells. Oleamide at a concentration of 37.5 Ilg/mL was mixed with 
linoleamide at a concentration of 19.25 Jlg/mL. Bars represent mean % viability of 7 
treated wells compared to control. Error bars are standard error. * represents values 
significantly different between treatments analyzed by an ANOV A followed by Tukey's 
mUltiple con1parison procedure (***p < 0.001). 
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(Fig. 3.7 D). Interestingly, higher concentrations of iron resulted in a toxicity 
attenuation-most likely the result of precipitation of the acyl amide by the cation. Adding 
the chelating agent EDTA to the Neuro 2A cell culture media resulted in a return of 
ole amide toxicity (Fig. 3.14 A). Adding EDTA to the culture media without the addition 
of iron did not result in an increase in toxicity and increasing the concentration of EDT A 
resulted in an inhibition of toxicity (Fig. 3.14 B), indicating that a particular metal 
concentration range is necessary to facilitate toxicity. The other inorganic salts tested are 
not as potent but all show some level of increased toxicity (Fig. 3.7). This may explain 
why fish kills in Texas appear correlated with water hardness and the Dunkard Creek fish 
kill resulted after a rapid increase in TDS (Reynolds et al. 2009). Acyl amides posses a 
terminal amide bond and the divalent cations may be coordinating the acyl amides into 
complexes whereby they can damage the gill membrane, or their presence may 
exacerbate gill damage and alter men1brane permeability after the acyl amides have 
initially altered gill permeability. 
Increasing pH to 8.5 may alter the permeablity of the cell membrane, increasing 
the ability of these con1pounds to pass through the cell membrane. The highest 
concentrations of oleamide found in the environment ( ...... 5 J,lg/mL) are near concentrations 
of olealnide that caused significant degradation of gill cells (12.5 J,lg/mL). The 
concentrations of linoleamide that show a significant increase in cell degradation at pH 
8.5 (3 J,lg/mL) are close to those found in P. parvum cell culture ( ...... 1 J,lg/mL). 
Linoleamide toxicity increased when pH was raised to 8.5 against mouse neuroblastoma 
cells, but oleamide did not. This was likely caused by bicarbonate buffering in our 
mammalian cell culture system resulting in decreased pH. The toxicity of linoleamide 
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Figure 3.14. The effect of high FeS04 and EDTA on the toxicity of oleamide. (A) 
Adding 125 ~M FeS04 to the cell culture media inhibits the toxicity of oleamide against 
Neuro 2A cells (gray bars). Adding 1 mM EDTA to the cell culture media with FeS04 
returns toxicity to control values. Bars represent mean % viability of triplicate 
experiments with seven replicates per treatment. * represents values significantly 
different from control (pH 7.5, no EDTA or FeS04 added) analyzed by an AN"OVA with 
Dunnett's mUltipe comparison procedure (**p < 0.01; ***p < 0.001). (B) Increasing 
concentration of EDTA decreases oleamide toxicity against Neuro 2A cells. * represents 
LCso values significantly different from control (pH 7.5, no EDTA added) analyzed using 
an ANOV A with Dunnett's mUltipe comparison procedure (**p < 0.01). 
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likely acts faster than oleamide resulting in increased toxicity even with bicarbonate 
buffering. These assays should be repeated in bicarbonate-free media. The ambient pH 
of the water at toxic P. parvum blooms is generally> 8 with values as high as 9.4 
(Lindholm et al. 1999; Valenti et al. 2010). 
The effect of pH on divalent cations was not examined in this study specifically, 
but we cannot discount the observed effect of increasing pH on metal speciation, metal-
ligand complex formation, and ion pairing. Ionic strength, temperature, and pH function 
in the interaction of metal ions and their binding partners (Millero 2001), and these 
parameters are all thought to playa role in P. parvum toxicity. As pH increases, 
dissociated divalent cations may become bound to inorganic anions or organic ligands 
increasing or decreasing metal solubility (Karthikeyan et al. 2007). The formation of 
metal-organic ligand complexes can result in increased biochemical availability (Jeon et 
al. 2010). Thus, bioaccumulation of acyl amides should be investigated in more detail. 
In the present study, the primary mode of action of these compounds appears to 
be cell lysis. Under increased pH conditions, acyl amides degraded gill tissue in a dose-
dependent manner (Fig. 3.10 A-F) and gill cells showed increased uptake of try pan blue 
dye when exposed to inceasing concentrations of acyl amides (Fig. 3.15). Using cultured 
gill cells as a model for the intact fish gill, the destruction of cells and the 
permeabilization of gill tissue would result in asphixiation in fish. 
The toxicity of linoleamide increased to whole animals increased when the pH 
was increased (Fig. 3.1 ]). However, there was no difference observed in the toxicity of 
oleamide when pH was increased. Zebrafish are a freshwater fish, and the salinity of the 






















Figure 3.15. Gill cell viability vs. trypan blue uptake. The percent of viable rainbow 
trout gill cells is similar to the percent of gill cells that do not take up trypan blue dye. 
Viability (% of control) was compared to the percent of gill cells that were not stained 
after a five minute incubation with a 1 % trypan blue solution after increased pH treatment 
of 8.5 for (A) linoleamide and (B) oleamide. 
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not act on whole animals without certain cofactors. Using an estuarine fish species that is 
more representative of inland Texas waters may be affected differently by oleamide. 
Larval zebrafish at 6 days post fertilization do not have developed gills, breathing 
through their skin, which may have affected oleamide's mode of action. Using juvenile 
or adult fish would allow for this comparison. 
V. CONCLUSIONS 
A variety of abiotic and biotic factors affect P. parvum blooms (Brooks et ale 
2011). In the dynamic estuarine and freshwater environments where P. parvum blooms 
occur, organisms encounter a combination of many stressors simultaneously. We have 
shown that at least two of these abiotic factors (divalent cations and pH) either alter the 
physicochemical properties of fatty acid amides or cause a change in mammalian and fish 
cell physiology that increases the inherent toxicity of these compounds. Organisms are 
also exposed to multiple chemical stressors (e.g. salinity, pH, mixtures of acyl amides 
and other toxicants) which can increase toxicity. As an example, the combined effects of 
ionic strength, divalent cations, pH, and toxin concentration have been shown to be 
associated with the ability of Bacillus thuringiensis toxins to form pores at the cell 
membrane (Fortier et al. 2005). Changes in chemical and physical factors can create an 
environment where compounds become more toxic and may alter which organisms are 
affected. These physicochemical factors help explain the differential toxicity that has 
been observed during P. parvum blooms (Roelke et al. 2010). 
One of the major limitations of this study is the lack of dimensionality. While we 
have investigated several parameters associated with increased acyl amide toxicity 
(hemolytic activity, cytotoxicity, time-course, ichthyotoxicity, effect of divalent cations, 
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effect of pH, mixture of acyl amides), we have not fully explored the combined effect of 
multiple parameters acting concurrently. We are currently investigating new ways to 
analyze complex mixtures of chemical and physical factors and expand the variables 
(temperature, salinity) to reflect the high dimensionality of the environment in which P. 
parvum blooms occur. Examination of samples from several geographic areas should be 
pursued to confirm that all strains of this species produce acyl amides. Interestingly, 
cellular linoleamide content was greater than oleamide content in cultured samples, while 
oleamide was present at higher concentrations in environmental samples. This may point 
to oleamide being actively secreted, or possibly environmental conditions that were more 
conducive to oleamide production than those used to culture P. parvum. Abiotic and 
biotic factors may result in differential production of any of toxic acyl ami des we have 
identified or other acyl amides yet to be discovered and characterized. Examining acyl 
amide concentrations in cell mass and culture media from cultures exposed to different 
enviromental parameters will help solve this issue. 
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CHAPTER 4 
USING MACHINE LEARNING TOOLS TO MODEL COMPLEX TOXIC 
INTERACTIONS WITH LIMITED SAMPLING REGIMES 
I. INTRODUCTION 
Organisms rarely, if ever, encounter single biological, chemical, and physical 
stressors in natural environments (for examples, see Grimme et a1. 1996, COT, 2002 
Kortenkamp, 2008, Relyea, 2009), but rather are challenged by combinations of many 
stressors simultaneously. These stressors can be chemical toxicants but can also be 
changes in environment conditions such as changes in temperature, p02 or pH or as 
pronounced as changes in diet or phytoplankton community dynamics. However, most of 
the available literature examining the effect of stressors on biological end points focuses 
on a limited number of factors, one to three stressors, and usually employs linear analysis 
to assess the effect (COT 2002). Further, these studies are usually conducted by varying 
the concentration (e.g., dose) of a toxicant while holding all other variables constant, such 
as constant temperature, salinity and pH regimes when testing aquatic organisms or even 
cell lines. Yet variations in physical conditions are known to impact the bioavailabilty, 
biotransformation and toxicity of many compounds. This lack of data is due in large part 
to the 'Curse of Dimensionality', which refers to the general problem of fitting models 
and estimating parameters in high dimensional space, as the required sample space 
increases geometrically with linear increases in the number of variables as well as levels 
within variables. This translates to experimental designs where the number of samples 
needed to resolve the interactions becomes impractical beyond more that about 3 
stressors and 3 levels for each of the stressors. This is a general problem in the analysis 
of experimental data, where the number of unknowns exceeds the number of equations. 
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There are three common models currently in use for predicting mixture effects as 
well as examining the data itself, these are: dose addition, response addition, and 
integrated addition (Rider et al. 2008). For mixtures of chemicals that have the same 
mechanism of action, the dose addition model has been used and validated (Bermudez et 
al. 2012; Silva et al. 2002). In contrast, for mixtures with varying mechanisms of action, 
the response addition model is preferred (Backhaus et al. 2000; Silva et al. 2002). The 
integrated addition model takes into consideration both the dose and response addition 
models (Rider and LeBlanc 2005). The limitation of each of these approaches is the need 
to have developed data on the response including the development of a 50% effective 
dose (ED50) for each individual chemical in a dose-response analysis. Further, it is 
assumed in each model that the responses - those with individual chemicals and those in 
combination - display a similar response curve that is almost always assumed to be 
linear. Although this assumption was reasonable for many standard individual responses 
(e.g., death, growth, cell duplication) it has now been demonstrated in a growing number 
of studies that at low doses and for many measured responses, an assumption of a linear 
response is not supported (for review, see Vandenberg et al. 2012). Even given these 
limitations, the equations and approaches to establish risk from mixtures have begun to 
provide real input into how some mixtures generate outcomes, such as through the 
additivity of estrogenic or anti-androgenic responses (for examples, see Berllludez et al. 
20] 2; Rider et al. 2008; Rider and LeBlanc 2005; Silva et al. 2002). However, the vast 
majority of these studies are focused on mixtures of chemicals and few, if any, have 
considered other factors that could modify responses, such as changes in pH, sunlight, or 
temperature. Further, with complex mixtures, it has to be assumed that at least some of 
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the responses generated will be due to non-linear interactions. How to integrate such data 
into the above models requires much further study. Can another approach be used? 
Artificial neural networks (ANNs) are machine learning or artificial intelligence 
tools replacing the biological units of neuron with conlputational units (Dohnal et al. 
2005). The ability of ANNs to resolve complex relationships and model non-linear 
interactions has resulted in their implementation in a wide array of fields including 
biochemistry, pharmacology, molecular biology, food science, toxicology, and the 
emerging field of ecogenomics (Almeida 2002; Ferguson et al. 2010; Chapman et al. 
2011). The major attraction of ANNs is their ability to adapt or "learn" after they are 
trained. During this training phase user defined inputs are entered and transferred to an 
output function through a weighted node. This system shares some analogy to linear 
regression as the inputs can be thought of as the x term; the output can thought of as the y 
term; and weights can be thought of as the coefficients of x. The major difference is the 
ability of nodes to transfer information from the weighted inputs to the outputs using a 
sigmoidal transfer function, thus achieving non-linear predictions (Almeida 2002). After 
the ANN is trained, any data set can be analyzed, allowing the model to regress 
unsupervised and the weights to be adjusted by the model. 
In this report, we couple methodological and analytical approaches to expedite 
analyses of complex mixtures. It begins with the concept that environmental stressors, 
whether they are chemical or physical, circumscribe an n-dimensional hyperspace to 
which biological systems (endpoints) respond. Due to the high dimensionality of the 
environment, resolving the data using traditional statistical methods is impractical due to 
the curse of dimensionality. Here, we reformulate the problem asking how much of the 
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space do we need to sample in order to generate reasonably accurate models and then 
address the issue of how one generates the models given the sampling regime. The first 
step is to randomly allocate levels of each stressor to each experimental unit (sample), 
which is followed by the second step where the complex interactions among stressors is 
modeled using machine learning tools such as artificial neural networks. In so doing, we 
reverse the usual approach of fitting data to models (linear or otherwise) and extract the 
models from the data. Amongst the advantages of using ANN s is that the structure can 
assume the shape of any unbroken curve and permit complex and non-linear interactions 
among the stressors to be extracted. The major disadvantage of the approach is that we 
cannot appeal to accepted statistical distributions to assess the significance of the results. 
As such, alternative and somewhat heuristic alternatives must be used to assess the 
robustness of the modeling effort. 
Significance and Relevance. As illustrated in the previous chapter, multiple 
abiotic factors (divalent cations and pH) can influence the toxicity of acyl amides. These 
are the same factors that correlate with toxic bloom events of P. parvum. As a suite of 
acyl amides have been identified as toxic compounds of P. parvum, this further adds to 
the complexity of the relationship between chemical and physical factors and toxicity. 
Examining the interaction of all of these factors using established mixture analysis 
methods would seem to be impractical because not only do we want to examine the effect 
of multiple acyl ami des on toxicity, but the effect of abiotic factors on the toxicity of 
these acyl amide mixtures. It was also important to increase the dimensionality of the 
analysis i.e. the wide ranges of concentrations of the various acyl amides found in the 
environmental and cultured samples necessitates examining wide concentration ranges of 
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acyl amides and other factors, not simply LC50 concentrations. This would be important 
for an instance where low concentrations of a compound would not elicit an observable 
response, but when an abiotic parameter such as pH is altered an "activation" of the 
compound occurs. The purpose of this chapter is to verify the ability and utility of ANN s 
as tools that can aid in complex mixture analysis. To investigate the ability of ANN 
modeling as a means to explore complex interactions among compounds, we examined 
the toxicity of three acyl amides on Neuro 2A cells. The three chosen were oleamide (9-
cis), linoleamide (9,12-cis) and palmitamide (hex) as these three were the most cytotoxic 
to Neuro 2A cells in previous experiments (see Fig. 3.3 A-C). Our goals in the study are 
to 1) reduce the effort needed to evaluate conlplex mixtures to a level of experimental 
practicality~ 2) eliminate the need for establishing no-observable effects-concentrations 
(NOEC) for individual stressors; 3) generate predictive models based upon these 
experimental results; 4) identify weakness in the sampling regime (predictive 
topography) where more data would stabilize the modeling effort; and 5) define impacts 
of indi vidual parameters on the output. In the scope of this work, identify the parameters 
from a complex mixture that are most responsible for the observed toxicity associated 
with algal toxins and harmful bloom events. 
II. MATERIALS AND METHODS 
Cell Culture. Mouse neuroblastoma (ATCC, CCL-131) cells (Neuro 2A) were 
obtained from the American Type Culture Collection (A TCC) and grown to confluency 
using standard techniques in 25 cm2 flasks with Eagle's Minimum Essential Media 
supplemented with 10% FBS and penicillin (50 units/mL) and streptomycin (50 
units/mL) and maintained at 37°C with 5% C02. The confluent cell layer was detached 
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and dispersed with trypsin-EDT A and cells were seeded in 96-well plates at a density of 
28,000 cells per well, allowed to adhere, and grown to confluency for 24 hours. 9-cis and 
hex were purchased from Sigma-Aldrich CO. (St. Louis, MO) and 9, 12-cis was 
purchased from Enzo Biochem Inc. (Farmingdale, NY). Mixtures of the acyl amides 
were prepared and four microliters of each mixture of the multiple concentrations were 
added to the wells and the cell plates were incubated for 24 hours at 37°C with 5% CO2• 
Cell viability was determined using a colorimetric MTT (3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide) assay (Mosmann 1983). After the exposure period, 15 ~L 
of MTT (5 mg/mL) was added, and the cell plates were incubated for four hours. Next 
100 ~L of 10% (w/v) SDS with 0.01 % Hel (v/v) was added to lyse the cells and 
solubilize the crystals yielding a purple color. The quantity of solubilized formazan 
crystals was measured at a wavelength of 570 11m using an automated scanning 
spectrophotometer (BioTek Synergy HT) with KC4 microplate data analysis software 
(Biotek Instruments, Inc., Winooski, VT). Toxicity is determined as the loss of cell 
viability and a reduction in the amount of solubilized crystals. 
Artificial Neural Network. An unsupervised, feed-forward ANN was employed 
in this study using the program MA TLAB® (Fig. 4.1). The number of hidden nodes was 
selected during the training phase as the number of nodes resulting in the smallest error in 
the cross-validation set. The training phase \vas stopped when the predictive error of the 
training set and the testing set diverged (Almeida 2002) (Fig. 4.2). This early stopping 
procedure avoids overfitting the ANN model. Data transfer between inputs, hidden 
nodes, and outputs was accomplished using two systems of equations. The first is a 





(Cell Via bility) 
Figure 4.1. Representation of ANN used in this study. Weight matrices are noted as 














Optimal ANN- STOP!! 
Testing 
Training 
NUMBER OF NODES 
Fig. 4.2. Optimization of ANN model. The cross validation data set (testing set) is fit 
with the trained ANN model and the predicted error (output observed vs expected values 
for the input data) is calculated. When the predicted error begins to increase as a function 
of the increasing number of nodes, the training session is halted and the optimal ANN is 
reported. 
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the inputs (toxin concentrations) to hidden nodes. The second is a non-linear transfer 
function (W 2 in Fig 1), which in our case is a hyperbolic tangent function, which maps 
the hidden nodes to the output (cell viability). This allowed for non-linear modeling. If 
the ANN topology is allowed to vary (number of hidden nodes expands or contracts) then 
the topology can assume to shape of any unbroken curve. Our analysis generated 
between 4 and 11 nodes over the 30 model iterations used in the current study. Thus a 
large number of equations are generated as the result of the analysis. All output data 
were scaled to the same range (0,1) as recommended by Almeida (2002) and the software 
does this by default. An explanation of statistical and modeling terms used in this study 
is included in Table 4.1. 
Experimental Design. We began the design of the experiments with the practical 
limitation that the cell culture assays are normally conducted in 96 well plates and hence 
sampling the n-dimensional hyperspace circumscribed by multiple contaminants or 
environmental stressors is limited to a sample size of 96 or multiples thereof. In the first 
experiment (Exp 1) we set the highest concentration on anyone toxin near the LCso 
which had been determined by previous experiments and subsequent concentrations (total 
of 10) were half of the preceding, e.g. LCso/2, LCsol4, LCso/8 etc. (Table 4.2). These 
values were chosen because \ve were interested in interactions of these toxins at low 
concentrations. We then randomly allocated concentrations of each of three toxins (9-cis, 
9, 12-cis and hex) to each of the sample wells (cf Tables 4.2 and 4.3) using the Microsoft 
Excel random number generator. 
Following this experiment it was determined (see below) that the concentration 
range in the first experiment included too many assays with small observable effects and 
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Table 4.1. Explanation of ANN-related terms used in this study. 
ANN l'erm Explanation 
Training set The data set to which the model is fit 
Testing set The data set that is to be processed/modeled 
Cross validation set An independent data set to assess model accuracy 
Overfitting When the ability of the model to predict test data will not 
decrease 
Input The parameters to be tested 
Weight The importance of each input 
Hidden node Processes the weighted input values transferring them to the 
output 
Output The result of the transfer of infonnation through the ANN 
Sigmoid transfer function Calculates an output value from an input value 
R -squared The proportion of variability in a data set that is accounted 
for in a statistical model 
Sensitivity The partial derivative of model output with respect to a 
change in any input parameter, holding the other input 
parameters constant 
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Table 4.2. Concentrations (mg/mL) of toxins used in Exp 1. 
9-cis 9,12 cis Hex Level 
0.0001 0.00006 0.0003 1 
0.0002 0.0001 0.0006 2 
0.0004 0.0002 0.0012 3 
0.001 0.0005 0.0025 4 
0.002 0.001 0.005 5 
0.004 0.002 0.010 6 
0.072 0.004 0.020 7 
0.014 0.008 0.040 8 
0.029 0.016 0.080 9 
0.058 0.032 0.160 10 
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Table 4.3. Concentrations of toxins in Exp 1 for each cell of the microarray plate. 
The values refer the concentrations listed in Table 4.2 with 9-cis, 9, 12-cis and Hex 
numbers listed from left to right in each cell. 
3,4,9 6,9,9 8,9,7 1,4,10 6~6.5 1,6,9 5,8,3 8,10,8 5,6,8 6,8,5 3,5,9 2,2,3 
4,8,6 7,2,3 5,2,9 2,8,10 2,7,2 9,7,3 2,8,10 2,8,4 8,9,10 7,8,3 5,7,4 3,7,4 
5,5,3 6,9,4 6,9,3 3,2,4 8,9,6 5,10,10 5,3,3 9,5,7 4,5,2 6,5,2 8,9,2 9,2,8 
2,5,3 2,2,2 3,2,8 8,9,3 4,5,6 8,5,1 4,6,8 1,2,2 2,8,6 3,10,1 9,6,5 5,6,4 
6,5,6 6,6,7 8,6,2 9,6,8 4,8,8 9,3,5 2,1,2 6,8,8 4,9,9 8,3,3 2,2,7 3,8,9 
2,6,3 4,2,5 5,2,5 3,9,6 1,5,1 1,5,5 2,10,10 3,6,3 8,10,7 6,3,1 5,3,10 8,10,7 
9,2,2 9,5,5 4,5,2 5,4,10 8,9,7 9,6,3 3,6,7 9,8,10 4,4,8 3,7,9 9,6,7 10,3,2 
8,4,3 8,10,6 9,10,2 10,8,4 9,2,3 10,1,6 8,3,4 5,1,6 9,9,10 3,3,2 5,8,7 5,6,3 
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a second experiment (Exp 2) was conducted to increase the sampling density at higher 
concentrations (eg. between vials 7 and 10 in Exp 1). The concentrations used in this 
later experiment are listed in Table 4.4. This experiment was duplicated to compare the 
results between plates. 
In the final experiment (Exp 3), we selected concentrations of the three toxins 
(High, Medium, and Low for 9-cis and 9, 12-cis, Medium and High for Hex) and 
perfolmed a standard three factor ANOV A design (Tables 4.5 and 4.6). The intent here 
is to use information from the ANN analysis for verification, via more familiar analytic 
approaches, of predicted outcomes. We analyzed the significance of the compounds 
individually and their interaction on toxicity using the saturated model: Yijkl = J.l + ai + J3j 
+ Yk + (aJ3)ij + (J3Y)ik + (ya)jk + (aI3Y)ijk + Sijkl. Where y is toxicity, J.l is the average for 
observations at level i of any factor, a, 13, and y represent the factors 9-cis, 9, 12-cis, and 
hex respectively and i, j, and k represent the levels of the factors and s is the error term. 
The interaction terms should not be thought of as the product of two terms, but as a single 
term. Low concentrations of Hex were not performed as the ANNs indicated that little 
information would be gained (see below). 
Data Analysis. The experimental design employed in Exp 1 and 2 cannot be 
examined by ANDV A as the concentration levels would exhaust the degrees of freedom, 
but they can be analyzed using multiple regression analysis which treats the exposure 
concentration of toxins as continuous variables. We composed five data sets for multiple 
regression analysis, Exp 1 alone, each of the duplicates from Exp 2, and combined results 
from Exp 1 and each of the duplicates in Exp 2. The multiple regression considered 
individual variables as well as all possible interactions. To be consistent with the ANN 
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Table 4.4. Concentrations (mg/ml) of toxins used in Exp 2. 
9-cis 9,12 cis Hex Level 
0.009 0.006 0.012 1 
0.012 0.009 0.018 2 
0.015 0.012 0.025 3 
0.018 0.018 0.037 4 
0.037 0.025 0.050 5 
0.043 0.031 0.059 6 
0.050 0.034 0.068 7 
0.056 0.037 0.078 8 
0.062 0.043 0.087 9 
0.075 0.050 0.100 10 
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Table 4.6. ANOV A design indicating toxin combinations in individual wells. 
Hi, Hi ,Hi Hi, Hi ,Med Hi, Med ,Med 
Med, Hi ,Hi Med, Med ,Med Med, La ,Med 
La, Hi ,Hi La, Hi ,Med La, Med ,Hi 
La, La ,Hi La, La ,Med Med, La ,Hi 
Hi, La ,Hi Hi, La ,Med Med, Med ,Hi 
La, Med ,Med Hi, Med ,Hi Med, Hi ,Med 
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analysis (below), we conducted 30 rounds of regression for each analysis by randomly 
selecting 70% of the data for each iteration. Using the regression coefficients from each 
iteration, we calculated an expected value for the data (30%) not used in the regression 
(e.g. a cross validation set or CV - data not shown) and R-squared values were calculated 
for both the input data and the CV data for each round of regression (see below). 
Following the multiple regression analysis, we conducted modeling via ANNs -
mapping the three toxins to the measure of toxicity. The basic procedures are identical to 
those outlined for the multiple regressions, but instead of fitting data to the regression 
model, the ANNs extract the models from the data. As in the multiple regressions, 30% 
of the data was randomly withheld fronl each round of ANN training and is referred to as 
the cross validation (CV) set. As the CV set is not used to train the ANNs, it can be 
viewed as an indicator of the robustness of the ANNs generated from the data employed 
in training the ANNs (cf. Chapman et a1. 2009, 2011). R-squared values from both the 
training and CV data sets were calculated as were the sensitivities for each of the input 
(toxins) variables. The effect of each toxin was estimated by calculating the sensitivities, 
which are the partial derivatives for each input relative to all other inputs (Harrington and 
Wan, 2002). 
To assess the robustness of the sampling design, we calculated the standard 
deviations of predicted toxicity values for each of the 30 ANN models by creating an 
artificial data set in which the concentration of two toxins were varied from zero to 100% 
(in 5% increments) and holding the third to a constant value (0%, 50%, 100%) of the 
maximum concentration used in this study (9-cis = 0.058,9-12 cis = 0.032, and Hex = 
0.16, Exp 1~ 9-cis = 0.075,9, 12-cis = 0.05, and Hex = 0.1, Exp 2). These data were then 
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input into the 30 ANN models and the predicted values for the two variable toxins (a 21 x 
21 grid for the 5% increments between 0% and 100%) holding one toxin constant was 
calculated for each model. We then calculated the mean and standard deviations for each 
point in the 21 x 21 grid. Our reasoning is that if the standard deviations approach zero at 
any point or region on the grid, the models are in agreement and addition data collection 
is not necessary. In contrast, large standard deviations would indicate that the models 
lack sufficient information in certain regions of the grid to reach a consensus (cf. Fig 4.3) 
and addition data are needed. 
Experiment 3 was based on a standard ANOV A design, and we applied ANOV A 
for indi vidual effect as well as all possible interactions. 
III. RESULTS 
Exp 1 and Exp 2. Each of the initial experiments provided information but also 
had significant limitations. Modeling the standard deviation results from 30 ANN 
models resulted in a large increase in standard deviations when modeling combinations of 
toxins at high concentrations, while combinations of toxins at low concentrations showed 
very low standard deviations (Fig. 4.3). The goal of Exp 2 was to increase the data points 
for combinations of high concentrations to lower the standard deviation. While this was 
achieved (data not shown), using such high concentrations resulted in a lack of significant 
interaction terms in lTIultiple regression analysis (Fig. 4.4) as the combinations tested 
resulted in the complete mortality of cells in many of the wells tested (Figure 4.5 A). 
The dearth of mortality at combinations of toxins at high concentrations can be observed 
from the assay plate results of Exp 1 (Fig. 4.5 B). Complete regression analysis for Exp 1 
and and Exp 2 can be found in Appendix B (Tables B.l and B.2). 
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Hex o ? 
9, 12-cis o 0 
Figure 4.3. Standard deviation of ANN models increases at high concentrations of 
toxins tested. Standard deviations of predicted response values for 30 ANN models are 
shown allowing 9-12 cis and Hex to vary over the entire range of experimental values 
(Hex and 9, 12-cis concentrations in mg/mL), holding 9-cis at 0% of its range. Z-axis 
represents the deviation from the mean of each grid point of 30 ANN models (see .Data 











9-cis 9,12-cis Hex 9-cis X 9-cis X 9, 12-cis X 9-cis X 
9,12-cis Hex Hex 9,12-cisx 
Hex 
Figure 4.4. P-values for each toxin and their interactions derived from multiple 
regression analysis of Exp 2 data. Values from plate 1 are in dark gray and from plate 
2 in light gray, error bars indicate standard deviation calculated over 30 subsamplings of 
the data. Asterisk indicates p value < 0.05. 
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A B 
Figure 4.5. Assay results from (A) Exp 2 and (B) Exp 1. Intensity of yellow color is 
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Figure 4.6. Comparison of R-squared values. R2 values generated by (A) multiple 
regression analysis and (B) ANN modeling. Dark gray bars are model R-squared values 
and light gray bars are R -squared values of the cross validation set for 30 subsamplings 
of each respective data set. 
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Combining Exp 1 and 2. As the results indicated that Exp 1 and 2 contained 
significant information, we combined them in subsequent analyses. Most importantly, 
the ANN analysis tracked the results from the multiple regressions indicating that the two 
approaches generate statistically identical results (Fig. 4.6 A, B). The R-squared values 
for both the multiple regression analysis and ANN analysis are near 0.8 for each replicate 
in the combined data set. The CV R-squared values are lower, but not significantly 
different (Fig. 4.6 A, B). The p-values for the multiple regression analysis show that 9-
cis and 9, 12-cis alone, along with their interaction are associated with increased toxicity, 
while Hex alone and the interactions of Hex and the other toxins are not significant (Fig. 
4.7; Appendix B, Table B.3). These observations are supported by the sensitivity 
analysis for the ANN models which indicated that for concentrations used in the 
combined data sets, the toxicity is most sensitive to 9-cis, least sensitive to Hex, with 9, 
12-cis intermediate (Fig. 4.8). The predicted toxicities generated by the ANN models for 
this combined data set were modeled allowing the response surfaces of 9-cis and 9, 12-cis 
to vary over the range of concentrations tested while clamping Hex to 0%, 50% and 
100% of its range. In addition, the response surfaces of 9-cis and Hex were allowed to 
vary over the range of concentrations tested while clamping 9, 12-cis to 0%,50% and 
100% of its range. Hex appeared to facilitate the toxicity of the 9-cis and 9, 12-cis when 
these compounds are at low levels. However, at higher levels of 9-cis and 9, 12-cis, Hex 
became inhibitory (Fig 4.9). This inhibitory effect was also observed when examining the 
effect of increasing Hex over its concentration range, while clamping 9, 12-cis at 0%, 
50%, and 100% of its tested concentrations. A linear increase can be observed at low 













9-cis 9.12-cis Hex 9-cis x 
9.12-cis 
9-cis x 9. '12-cis x 
Hex Hex 
9-cis x 
9. '12-cis x 
Hex 
Figure 4.7. P-values for each toxin and their interactions derived from multiple 
regression analysis of combined Exp 1 and Exp 2 data. Values from plate 1 are in 
dark gray and from plate 2 in ligh gray, error bars indicate standard deviation calculated 











E:oo: p 1 + EXI) 2 P1 E. 'P ~1 + EXI) 2 P2 
Figure 4.8. Sensitivity analysis. Bars represent sensitivity (the change in output as each 
of the three inputs is changed over 30 subsamplings of each experimental data set). The 
values are partial derivatives, i.e. as each input parameter is varied the other two are held 
constant. The partial derivatives are normalized to remove the effects of units and are 
scaled from 0 to 1 with a value closer to 1 indicative of a greater influence of the 
variable. Compounds are 9-cis, 9, 12-cis and Hex in the combined Exp 1 and Exp 2 data 
sets. The two sets of bars represent the replicate plates from Exp 2 (PI and P2). 
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Figure 4.9. Predicted toxicity from ANN models generated by combined Exp 1 and 
Exp 2-Pl data. The concentrations of Hex are 0%,50% and 1000/0 of the highest 
concentration listed in Table 2. The surfaces are Hex = 0%, Hex = 100%, and Hex = 
50%, the intermediate surface. 9-cis and 9, 12-cis are allowed to vary across their 
concentration ranges (mg/mL). The output values (N2A toxicity) are scaled between 0 
and 1 with greater values indicating greater toxicity. The blue arrow indicates the 
increase in toxicity when 9, 12-cis and 9-cis are at their lowest levels and Hex is 
increased to 50%. The blue star shows a slight, but observable inhibitory effect of Hex 
on high concentrations of 9, 12-cis as the surface begins to move in a negative direction. 








Figure 4.10. Predicted toxicity from ANN models generated by combined Exp 1 and 
Exp 2 P-l data. The surfaces are 9, 12-cis = 0 % (lowest toxicity at Hex = 0 and 9-cis = 
0), 9, 12-cis = 100% (highest toxicity at Hex and 9-cis = 0) and 9, 12-cis = 50% is the 
intermediate at low Hex and 9-cis concentrations (mg/mL). The output values (N2A 
toxicity) are scaled between 0 and 1 with greater values indicating greater toxicity. The 
green arrow indicates point over concentration range where Hex changes from facilitating 




Table 4.7. ANOVA design giving the p-values generated by the three factor 
ANOVA. Individual toxins and their interactions were analyzed (n = 54) 
Toxin or Interaction p-Value 
9-cis 7.32E-13* 
9,12-cis 5. 16E-14* 
Hex 0.00033977* 
9-cis x 9, 12-cis 2.42E- Ll * 
9-cis x hex 0.20715 
9, 12-cis x Hex 0.082081 
9-cis x 9, 12-cis x Hex 0.86352 
* indicates significance a = 0.05. 
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much more toxic. Fifth, there is no theoretical limit on the number of variables that can 
be included in a single experiment in a 96 well format. 
Limiting Experimental Sampling. As we indicated above, a major problem in 
the analysis of complex mixtures is establishing a design that can detect the interactive 
effects and not be impractical to execute in standard laboratory settings. By initiating the 
study with a random sampling of the 3 diInensional space circumscribing the response of 
Neuro 2A cells to three toxins, we have set in motion a procedure which is designed to 
explore the response space using non-linear tools that at the same time is amenable to 
standard statistical methods. Some may view this as unappealing, but a complete 
randomized block design of the three toxins with 10 levels for each would have required 
1,000 individual tests (lOx lOx 10) without replication. Reducing this effort to a 96-
well plate is a distinct improvement, given the results. Further, the design is scalable to 
more variables (contaminants, environmental parameters, differing cell lines ) that could 
impact biological responses. In part, this study was motivated by previous work 
(Chapman 2011) where the impacts of 18 environmental parameters, such as 
contaminants, temperature, salinity and pH on gene expression were evaluated with high 
precision from less than 260 individuals. The design could also be transferred to studies 
of whole organisms and to situations where the biological endpoints are binary rather 
than continuous (alive vs dead, healthy vs sick, male or female). As such, the approach 
could be very useful in early stage clinical trials or ecotoxicology studies where samples 
sizes are limited and environmental conditions can be measured but not controlled. 
ANNs vs Linear Statistics. While we cannot appeal to standard statistical 
distributions to test the results of the ANN analysis, other methods for testing the 
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robustness of the analyses are available using the cross validation methods discussed 
above and illustrated in Fig. 4.6. The mUltiple regressions and ANNs generate 
compatible results for observed versus predicted toxicities, but with an important 
difference. The multiple regression approach is fitting data to models, while the ANNs 
are extracting the models from the data. As such the ANN approach turns data analysis 
from a hypothesis testing to a hypothesis generating tool, and it is imperative that these 
hypotheses be rigorously examined in light of the available information. The CV R-
squared values in Fig. 4.6 and the ANOY A design in Exp 3 are intended to fulfill this 
objective. The forIner by comparing observed toxicity values in the data that were not 
used to train the ANNs and generating R-squared values similar to those derived from the 
models themselves, and the later by comparing the results of ANN analysis to lTIOre 
familiar linear statistics. The levels of toxins used in Exp 3 were selected based upon the 
ANN results and thus, provide statistical confirmation in a more familiar randomized 
block design. Examining figure 4.9 led to the hypothesis that the effect of hex would not 
be different for different levels of 9-cis and 9, 12-cis respectively. This would result in 
the two-way interactions of hex and 9-cis and hex and 9, 12-cis to not be significant in 
the ANOV A design. The response surfaces of hex held at 50% and 100% are nearly 
identical especially at low concentrations of the other two compounds (Fig. 4.9). The 
hypothesis was substantiated and the two-way interaction terms with hex are not 
significant and neither is the three-way interaction term (Table 4.7). In addition, this 
observation supports the sensitivity analysis, showing that increases in hex impact 
toxicity less than the other two acyl amides. 
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The ANN approach has a decided advantage in deconvolving the complex 
interactions of multiple stressors, as it is not limited to linear combinations of the data 
that are typical of multiple regressions. There are non-linear regression methods that, to 
some extent, will compensate for this difference, however these require user specified 
equations describing the interactive effects, and it is precisely these equations we are 
trying to identify. Hence it seems more appropriate to allow the modeling effort to 
regress, with limited supervision, to the available evidence and generate these interactive 
equations, than to force the available data on to a user specified model. 
Consistencies and Inconsistencies. In the previous work, the LC50 of 9-cis and 
9, 12-cis in Neuro 2A cells were reported as 34 and 21 Jlg/ml, respectively and one would 
infer from this that the toxicity would be more heavily dependent on the later. The 
sensitivity analysis in Fig. 4.8 suggests that this is not the case and that 9-cis is the more 
important parameter. In part, this could be explained by examination of Fig. 4.9, which 
demonstrate that the predicted response to 9, 12-cis is more linear, whereas the response 
to 9-cis shows a sharp step increase with a plateau (see asterisk in Fig. 4.9). As the 
sensitivities are partial derivatives, they emphasize the slope of the response, which 
should (and does) favor the sharp step response to 9-cis. The response of Neuro 2A cells 
is less sensitive to Hex concentrations than it is to the other toxins, and this might have 
been anticipated from the multiple regression results (Fig. 4.7), where Hex is not a 
significant factor. The comparable ANN sensitivity results indicate that it is a minor 
player relative to 9-cis and 9, 12-cis. 
The major inconsistencies in this analysis are related to experiment design. We 
ultimately constructed 3 data sets in this report. The first did not have enough data points 
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at higher concentrations, which created large standard deviations. The second had too 
many high concentration data points, which interfered with interaction analysis. The 
most robust models were achieved when the data sets were combined. Thus, preliminary 
experimentation must be carried out for model generation. The inhibitory effect of Hex 
was unanticipated as we were examining toxins that showed a reduction is cell viability 
when tested individually. Interestingly, the high concentrations tested in these 
experiments were much higher than those found in the environment. For instance the 
concentrations used in the 3-way ANOY A were 87 and 50 f1,g/mL for the high and 
medium concentration respectively. This is about three orders of magnitude higher than 
that found at P. parvum fish kills (0.06 f1,g/mL). It would be most interesting to re-
examine the effect of Hex at more environmentally relevant concentrations as we 
provided some evidence that lower concentrations of :Hex facilitated toxicity. These 
results perhaps support a radical departure from conventional wisdom in which the 
interactive effects (facilitating or inhibitory) are context sensitive. 
Acyl amides are hydrophobic and like fatty acids will form micelles that increase 
their solubility. These micelles could penetrate the cell membrane of the Neuro 2A cells 
resulting in cell lysis. It is interesting that Hex is a saturated lipid, while 9-cis and 9, 12-
cis have one and two unsaturated sites, respectively. At high concentrations of all three 
compounds, it is possible that the sizes of the micelles are changed or overall micellular 
structure is changed resulting in aggregates less permeable to the cell membrane. Thus, 
the addition of Hex results in diminished toxicity, but the addition of only unsaturated 
compounds increases toxicity as these unsaturated lipids can more easily penetrate the 
cell membrane. 
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Finally, as discussed above, the apparent inconsistency in response of 9-cis and 9, 
12-cis on Neuro 2A cells, using single dose response approaches versus the interactions 
examined in this study are important. Within the toxicology community, there is much 
debate on effects of 'low' versus 'high' doses and their use in developing an 
understanding of biological responses and risk (see (Vandenberg et aI., 2012). There has 
been a generally accepted assumption that the biological response to toxic compounds, or 
even those with non lethal but endocrine or cell signaling action, would varying with 
dose but remain constant in action; that is, the compound of interest would disrupt an ion 
channel, alter estrogen signaling or alter hepatic biotranformation and the dosage would 
change the degree but not the mechanism of action. Our data suggest that interactions of 
chemicals, especially at the lowest doses need to be examined in much greater detail, as 
these lower concentrations are within the range that many organisms in aquatic 
ecosystems, whether freshwater or marine, are exposed. Our approach allows not only 
the examination of these interactions but will also allow us to examine the effect of 
physical parameters such at temperature, pH and p02 on such responses. 
In summary: 1) we were able to reduce our sampling effort to a practical level 
within a 96-well cell assay plate; 2) we have provided support to re-examine the notion of 
a NOEC of environmental toxins and toxicants for individual compounds as we have 
shown in this study that in mixtures cOlnpounds demonstrate toxicity at much lower 
levels than they do alone; 3) we were able to generate predictive ANN models to show 
interactive toxic effects; 4) the examination of model standard deviations allowed us to 
identify areas in the our sampling design that needed more replicates to provide more 
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accurate modeling; and 5) sensitivity analysis allowed assessing the impact of individual 
parameters on toxicity. 
Acyl amides and the conditions associated with P. parvum blooms and increased 
toxicity (high pH, divalent cations) present an excellent opportunity to examine complex 
interactions of multiple stressors in further detail. Expanding the dimensional space to 
include abiotic parameters as well as chemical mixtures will be of much use to resource 
managers in combating the effects of HAB toxins as the most important factors involved 
in increased toxicity can be evaluated., which will be important in mitigation. The 
predictive models and in vitro work presented will result in an ability to reduce sampling 




pH-DEPENDENT TOXICITY OF FATTY ACIDS AND ACYL AMIDES: 
IMPORTANCE OF ENVIRONMENTAL FACTORS AND MIXTURES IN 
AQUATIC TOXICITY 
I. INTRODUCTION 
Fatty acids produced by harmful algal species have been implicated as the toxic 
compounds responsible for deleterious effects to aquatic organisms (Marshall et al. 2003; 
Henricksen et al. 2010; Mooney et al. 2011). Acyl arnides are also produced by algal 
species and have been shown to be toxic to aquatic organisms (Sitachitta and Gerwick 
1998; Dembitsky 2000; Han et al. 2003; Bertin et al. 2012a; Bertin et al. 2012b). Both of 
these compound classes have been identified as toxins associated with the harmful alga 
Prymnesium parvum (Henrisksen et al. 2010; Bertin et al. 20l2a). Algal blooms are 
complex events that dramatically alter water chemistry and subject aquatic organisms to 
multiple chemical and physical stressors in an acute time frame. Intense photosynthesis 
of the rapidly growing algae removes CO2 from the water, resulting in an increased pH 
level and increased levels of dissolved O2 in the water (Pearl 1988). During the night as 
photosynthesis is abated, algal respiration results in a decrease in pH levels and lower 
levels of dissolved oxygen. Waters from fish kills associated with P. parvum blooms 
typically reach pH levels> 8.0. Waters collected from Texas blooms ranged in pH from 
8.2 to 8.4 (Valenti et al. 2010). Recorded pH values from a fish-killing bloom in Finland 
ranged from 8.9 to 9.4 (Lindholm et al. 1999). Waters from blooms in China have had 
pH values recorded as high as 9.3 (Guo et al. 1996). Laboratory studies have 
demonstrated that water samples collected from bloom sites and toxic extracts of P. 
parvum exhibit enhanced toxicity against test organisms when pH is increased and 
toxicity is attenuated when pH is decreased (Ulitzer and Shilo 1964; Valenti et al. 2010). 
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The presence of divalent cation cofactors has also been shown to increase the toxicity of 
P. parvum extracts (Yariv and Hestrin 1961). 
As algal blooms senesce, cells begin to rupture and complex mixtures of 
chemicals are released into the environment including multiple classes of lipid molecules 
(Mooney et al. 2011). These lipids may be in the form of free fatty acids as well as 
mono- or digalactoglycerolipids (Bell et al. 1997). These larger lipids may be hydrolyzed 
by esterases present in the water to liberate free fatty acids (Mudryck and Sk6rczewski 
2006). Polyunsaturated free fatty acids have been shown to be the most toxic fatty acids, 
specifically eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Marshall et 
al. 2003; Marshall et al. 2005; Dorantes-Aranda et al. 2009). EPA and stearidonic acid 
have been shown to be toxic metabolites of P. parvum (Henricksen et al. 2010) An 
aggregate of saturated and unsaturated acyl amides has been shown to be toxic 
metabolites in P. parvum with unsaturated acyl amides displaying the most toxicity to 
mammalian and fish gill cells (Bertin et al. 2012b). The toxicity of two of these acyl 
amides (oleamide and linoleamide) was shown to increase when pH was increased froIll 
7.5 to 8.5 in Chapter 3. The cyanobacterium Liyngbya semiplena has been shown to 
produce a class of acyl amides, the semiplenanlides, of which there are seven described 
molecules (Han et al. 2003). These compounds have shown toxicity to brine shrimp (Han 
et al. 2003). 
The accumulation of water-borne chemicals by fish and other aquatic organisms 
through non-dietary routes is highly dependent on the hydrophobicity of the molecule 
itself i.e. the more hydrophobic a molecule, the greater its uptake into an organism 
(Barron 1990). Hydrophobicity is affected by the ionization state of a molecule with the 
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non-ionized form generally taken up by an organism at a faster rate than the ionized form 
(Hayton and Stehly 1983). Ionization state is controlled by both the pKa of the compound 
and the pH of the surrounding microenvironment among other factors. A classic example 
is the effect of pH on the toxicity of ammonia. The toxicity of ammonia to aquatic 
organisms is generally attributed to the non-ionized NH3, which predominates at pH 
levels> 8.3, as opposed to the ammonium ion NH4 + (Williams et al. 1986; Borgmann 
1994; Kater et al. 2006). The LCso values of the phannaceutical sertraline, which 
contains an ionizable amine, to ]:limephaZes promelas were 647, 205, and 72 Jlg/L at pH 
levels of 6.5, 7.5, and 8.5 respectively (Valenti et al. 2009). In contrast, the toxic effects 
of dehydroabietic acid to Daphnia magna was demonstrated to increase with decreasing 
pH with LCso values of 38.3,21.7, and 10.8 mg/L at pH values of 9.0,8.0, and 7.5 
respectively (Zanella 1983). Perfluorinated compounds have been shown to form strong 
ion pairs with cations increasing chemical hydrophobicity (Jeon et al. 2010) and the 
metals and divalent cations have been shown to increase the toxicity of algal toxins 
(Moeller et al. 2007) including those produced by P. parvum (Igarashi 1999). 
Most toxicological studies concern the effect of a single toxin on an endpoint, 
with respect to either a cell line or whole animal. The affects of mixtures of compounds 
have received much less attention, and the effect of physicochemical factors on the 
toxicity of mixtures of compounds has received still less. We propose that fatty acids 
will be affected differently than acyl amides by pH changes. And alterations in pH will 
alter the toxicity of these both of these compound classes to rainbow trout gill cells. The 
gill is in constant contact with the surrounding environment and is vital for respiration, 
osmoregulation, and waste excretion (Evans 1987). Gill cells serve as a model for the 
145 
assessment of toxins and toxicants in aquatic habitats (Sandbacka et al 1999; Lee et al 
2009). In this study we examined the acyl amides oleamide and linoleamide and their 
corresponding fatty acids oleic and linoleic acid. We employ artificial neural networks to 
increase the dimensionality of our analysis and to create predictive models of complex 
non-linear interactions across a wide concentration range. We also employ a more 
familiar statistical approach using 3 factor ANOY A analysis investigating the effect of 
multiple levels of multiple factors. We futher examine the toxicity of the acyl amide 
mixture under increased pH conditions and the presence of divalent cations. Our results 
demonstrate that the toxicity of compounds can be altered by environmentally relevant 
pH changes and that analyzing the effect of multiple factors on the toxicity of chemical 
mixtures can result in dramatic increases in toxicity compared to the analysis of single 
parameters. 
II. MATERIALS AND METHODS 
Cell culture. A rainbow trout gill cell line (ATCC, CRL-2523) (RT gill-WI) was 
obtained from ATCC and grown to confluency in 25 cm2 flasks with Leibovitz's L15 
media supplemented with 10% FBS and penicillin (50 units/mL) and streptomycin (50 
units/mL) and maintained at 19°C in air. The confluent cell layer was detached and 
dispersed with trypsin-EDT A and cells were seeded in 96-well plates at a density of 
28,000 cells per well, allowed to adhere, and grown to confluency for three days. 
Chemical exposure. Oleanlide, oleic acid and linoleic acid were purchased from 
Sigma-Aldrich (Sigma-Aldrich CO., St. Louis, MO) and linoleamide was purchased from 
Enzo (Enzo Biochem Inc., Farmingdale, NY) (Fig. 5.1). RT gill-Wl1nedia pH was 
detennined to be 7.5. Media pH was altered to 6.5 and 8.5 by adding 1 M HCI and 1 M 
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OH 
Figure 5.1. Compounds tested in this study. 
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sodium hydroxide (NaOH) respectively, measured using an Orion Star A211 pH meter 
(Thermo Scientific, Beverly, MA). Compounds were independently dissolved in 
methanol and increasing concentrations were mixed with the gill cell media for exposures 
of 24 hours. Methanol (1 %) was used as a vehicle control. pH treatments alone were not 
found to significantly affect cell viability. Cell viability was determined using a 
colorimetric MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) assay 
(Mosmann 1983). After the exposure period, 15 Jll ofMTT (5 mg/ml) was added, and 
the cell plates were incubated for four hours. Next the media was aspirated and 100 Jll of 
10% (w/v) SDS with 0.01 % HCl (v/v) was added to lyse the cells and solubilize the 
crystals yielding a purple color. The quantity of solubilized formazan crystals was 
measured at a wavelength of 570 nm using an automated scanning spectrophotometer 
(BioTek Synergy HT) withKC4 microplate data analysis software (Biotek Instruments, 
Inc., Winooski, VT). The data from the microplate reader were exported to Microsoft 
Excel and reduction in cell viability was calculated as a percent of control. For LCso 
determination, the mortality values of five replicate wells at each tested concentration 
were averaged and represented as percent mortality (control = 0% lTIortality). Each assay 
was repeated three times. An LCso was obtained for each assay by interpolation of the 
concentration resulting in 50% mortality. The three LC50 values obtained for each assay 
were averaged and represented as mean and standard error of the mean. 
Mixture analysis. In this study we employed both artificial neural networks 
(ANNs) and standard 3 factor ANOV A to analyze the effect of multiple variables on gill 
cell viability. An unsupervised, feed-forward ANN was employed in this study using the 
program MATLAB®. The highest concentration of anyone acyl amide or fatty acid was 
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set near the LC50 value determined at pH 8.5 or 6.5, which had been determined by 
previous experiments and subsequent concentrations (total of 10) were half of the 
preceding, e.g. LC50/2, LC5of4, LC5of8 etc. (Table 5.1). These values were chosen to 
analyze a wide range of concentrations including low concentrations that did not result in 
toxicity in single parameter tests. We then randomly allocated concentrations of each of 
the three parameters in two separate experiments (experiment 1: oleamide, linoleamide, 
and pH; experiment 2: oleic acid, linoleic acid, and pH) to each of the sample wells (cf 
Tables 5.1 and 5.2) using the Microsoft Excel random number generator. Analyses via 
ANN s were used to model three parameters to the measure of toxicity. In this procedure, 
30% of the data were randomly withheld from each round of ANN training and is 
considered the cross validation (CV) set. As the CV set is not used to train the ANNs, it 
can be viewed as an indicator of the robustness of the ANN s generated from the data 
employed in training the ANNs (cf. Chapman et al. 2009, 2011). R-squared values from 
both the training and CV data sets were calculated as were the sensitivities for each of the 
input variables and were calculated as the average of 20 ANN models. The effect of each 
toxin was estimated by calculating the sensitivities, which are the partial derivatives for 
each input relative to all other inputs (Harrington and Wan, 2002). 
After gaining information from the ANN analysis, experiments were designed 
selecting concentrations of the two respective lipid classes. Concentrations designated as 
high, medium and low were selected for linoleamide, oleamide, linoleic acid, and oleic 
acid and) and pH values were selected (Table 5.3). For fatty acid analysis 7.5 was 
selected as the high pH value and 6.5 was selected as the low pH value. For acyl amide 
analysis two experiments were conducted: one with 9.0 selected as the high value and 8.4 
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Table 5.1. Concentrations of parameters used in ANN analysis. 
Concentration (Jlg/mL) Level 
Oleamide Linoleamide pH 
50.0 25.0 9.0 10 
25.0 12.5 8.8 9 
12.5 6.25 8.6 8 
6.25 3.12 8.4 7 
3.12 1.56 8.2 6 
1.56 0.78 8.0 5 
0.78 0.39 7.8 4 
0.39 0.19 7.6 3 
0.19 0.09 7.4 2 
0.09 0.05 7.2 1 
Oleic Acid Linoleic Acid pH Level 
50.0 50.0 6.4 10 
25.0 25.0 6.6 9 
12.5 12.5 6.8 8 
6.25 6.25 7.0 7 
3.12 3.12 7.2 6 
1.56 1.56 7.4 5 
0.78 0.78 7.6 4 
0.39 0.39 7.8 3 
0.19 0.19 8.0 2 
0.09 0.09 8.2 1 
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Table 5.2. Concentrations of parameters for each cell of the microarray plate used 
in ANN analysis. The values refer the levels listed in Table 5.1 for two separate 
experiments analyzing acyl amides in experiment 1 and fatty acids in experiment 2 with 
oleamide/oleic acid, linoleamide/linoleic acid~ and pH listed from left to right in each eel 
(n = 96 mixture units). 
1,3 10 6,10,1 1, 4, 5 9,10,3 10,5, 1O 8,10,3 3,9,8 5,10,3 10,4,6 5,1,9 4,1, 10 
2,2,2 8,1,3 2,5,4 10,8,5 5,1,2 3,8,6 9,10,7 5,9,5 3,7,5 10,1,7 6,5,5 
10,10,5 8,1,6 4,2,4 6,6,7 9,4,10 4,3,5 4,4,1 3,5,4 2,4,8 3,7,4 9,7,3 
10,7,5 9,6,2 3,8,2 5,8,10 5,5,7 2,3,1 3,10,6 3,7,9 2,9,9 3, 10, 7 4,5,8 
10,8,3 1,3,3 2,6,2 2,4, to 2,2,2 9,4,2 10,3,8 6,2,7 8, 7, 8 6,7,5 3,2,7 
3,4,6 3,6,6 3,6,6 9,5, 1 3,3,8 4,7,4 9,5,8 9,2,1 6, 7, 7 9,7,5 3,1,7 
8, 10, 7 4,1,10 2,3,1 6,10,1 6,9,7 8,5,6 6,3,8 3,3,2 9,4,7 3,1,3 6,10,3 
4, 10, 7 8,6,1 6,1,9 2,3,9 4,3,10 9,4,10 10,9,9 1,3,5 9,10,4 1,3,9 8,1,9 
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Table 5.3. ANOV A experimental design indicating the concentrations of the fatty 































selected as a medium value and one with 9.0 selected as a high value and 7.5 selected as a 
low value. After concentrations and pH levels were selected, a standard 3 factor 
ANOYA design was implemented (Table 5.4) to determine the effect of the individual 
parameters on toxicity and their interactions. The intent was to use information from the 
ANN analysis for verification, via more familiar analytic approaches, of predicted 
outcomes, especially at low concentrations of test compounds. Each 18 cell experiment 
was carried out in triplicate in order to assess the loss of cell viability compared to 
control. After the initial 3 factor ANOY A experiment was completed using acyl amides 
and pH levels of 9.0 and 8.4, the experiment was repeated supplementing the cell culture 
media with divalent cations in the form of the inorganic metal salts CaCI2, MgS04, and 
FeS04 at concentrations of 1.25 mM, 2 mM, and 1 11M respectively and adjusting media 
pH to 8.4 and 9.0 using NaOH. Metal concentrations were chosen to reflect previous 
literature (Ulitzer and Shilo 1964) and environmental concentrations from the Dunkard 
Creek fish kill (Reynolds 2009). 
A combination from the fatty acid 3 factor ANOV A design that resulted in a loss 
of viability near 50% (oleic acid = 37.5 Ilg/mL; linoleic acid = 13 !-lg/mL) was tested 
against rainbow trout gill cells in media that was supplemented with 1.25 mM CaCI2, 2 
mM MgS04, and 1 !-lM FeS04 and adjusted to pH 6.5 or 8.5. 
Statistical analysis. Data were tested for normality using the Shapiro-Wilk 
method. For comparisons of three groups, an ANOY A was used to detect significant 
differences (p < 0.05) between pH treatments and the control group followed by a post 
hoc Dunnett's multiple comparison procedure if significant differences were detected. 
This procedure was also used to analyze the effect of inorganic metal salts on low 
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Table 5.4. ANOV A design indicating parameter combinations in individual wells. H 
= High; M = Medium; L = Low which correspond to numerical concentrations in Table 
5.3. The experiment was carried out twice using acyl amides with the pH levels at high 
and low or high and medium. 
Fatty acid amides 
M, H, MIL M, M, MfL H, M, H 
H, M, MIL L,H,H L,M, H 
L, M, MIL L, H, MIL L,L,H 
L, L, MIL H,L,H H, L, MIL 
M, L, H M, L, MIL H,H,MIL 
Fatty acids 
H,H,L M, H, L, M,M,L 
M,H,H M,M,H H, M,L 
H,M,H L,H,L L,M, L 
L, M, H L,H,H L,L,L 
L,L,H H,L,L H,L,H 
M, L, L M, L~ H H,H,H 
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concentrations of acyl ami des at high pH and the effect of inorganic salts on fatty acid 
toxicity at pH levels of 6.5 and 8.5. A Student's t-test was used to detect significant 
differences in mean cell viability between acyl amide and pH combinations with or 
without inorganic salt supplementation. Differences in the sensitivities of variables in 
ANN modeling were analyzed by ANOV A followed by Tukey's multiple comparison 
procedure. ANN analysis does not correspond to traditional statistical measures of 
significance, and results are explained below. The three factor ANOVA analysis was 
performed using SAS 9.3 with the three factors oleamide, linoleamide, and pH. The data 
from the 3 factor ANOV A design to examine the effect mixtures of oleic acid, linoleic 
acid, and pH were not normally distributed and thus ANC)V A could not be used for 
analysis. Significant differences between factors were determined using the Mann-
Whitney test for two groups and the Kruskall-Wallis test for groups of three or lTIOre 
followed by Dunn's multiple comparison procedure if significant differences were 
observed. 
III. RESULTS 
Effect of pH on acyl amide toxicity. Increased pH levels increased the toxicity 
of both linoleamide and oleamide, and decreased pH levels decreased the toxicity of 
linoleamide. The LCso values of linoleamide at pH 6.5, 7.5, and 8.5 are 39.9 + 6.0, 28.8 
+ 1.0, and 7.7 + 3.0 Jlg/mL respectively with the LCso values at 6.5 and 8.5 significantly 
different from the control value at 7.5 (p < 0.05 and p < 0.01) (Fig. 5.2 A). Increasing the 
pH to 9.0 significantly increased the toxicity of linoleamide even further at 
concentrations of 6.25 Jlg/mL (p < 0.01) (Fig. 5.2 B). Oleamide showed no toxicity to 
rainbow trout gill cells at pH 7.5 at the concentrations tested. However, adjusting the pH 
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Figure 5.2. pH effects on toxicity of linoleamide and oleamide. (A) Comparisons of 
mean LCso values of linoleamide at pH 6.5, 7.5, and 8.5 to rainbow trout gill cells. Bars 
are mean LCso values of three independent cell viability assays in Ilg/mL. Error bars are 
standard error. Statistical significance determined using ANOV A followed by a 
Dunnett's multiple comparison procedure with pH 7.5 as control. (B) Increasing pH 
from 8.5 to 9.0 increases the toxicity of linoleamide at 6.25 Ilg/mL to rainbow trout gill 
cells. Bars are cell viability values compared to control (1 % methanol) of 5 replicate 
assay wells. Error bars are standard error. (C) Increasing pH from 7.5 to 8.5 activates 
oleamide toxicity. Bars are cell viability values compared to control (1 % methanol) of 5 
replicate assay \vells. Error bars are standard error. Statistical significance of Band C 
determined using Student's t test. ** p < 0.01, **** 1) < 0.0001. 
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to 8.5 resulted in significant losses in viability at all concentrations tested (p < 0.0001) 
(Fig. 5.2 C). Toxicity of oleamide at pH 6.5 was not tested as tests at pH 7.5 resulted in 
limited toxicity using concentrations below 100 Jlg/mL. 
Effect of pH on fatty acid toxicity. While increased pH increased the toxicity of 
fatty acid amides, decreased pH increased the toxicity of fatty acids, though not to the 
same extent. A reduction in cell viability was observed at increasing concentrations of 
linoleic and oleic acid (Fig. 5.3 A, B). When pH treatments were compared at linoleic 
acid concentrations of 12.5 and 25 ~g/mL, a significant decrease in viability was 
observed at pH levels of 6.5 compared to control value 7.5 (p < 0.001), but no statistical 
difference was observed between 7.5 and 8.5 at these concentrations (p > 0.05) (Fig. 5.3 
A). At linoleic concentrations of 50 ~g/mL a significant increase in cell viability was 
observed at pH levels of 8.5 compared to 7.5 (p < 0.05), but no statistical difference was 
observed between 6.5 and 7.5 (Fig. 5.3 A). No statistical differences were observed 
between pH treatments at 12.5 and 25 Jlg/mL of oleic acid, but there is a clear association 
that can be observed between pH treatments at oleic acid concentrations of 50 Jlg/mL and 
cell viability at pH 8.5, which was significantly increased compared to the control value 
of 7.5 (p < 0.05) (Fig. 5.3 B). 
ANN analysis. 'The R-squared values for the model data set and the CV data set 
were both over 0.80 and not statistically different from each other (Model = 0.81 + 0.02; 
CV = 0.82 ± 0.01 ; p > 0.05) indicating that 80% of the variance in the data can be 
explained by the model. The sensitivity analysis clearly indicated that pH was the 
variable most responsible for toxicity to the rainbow trout gill cells as the sensitivity 






















A 12.5 JJg/rnL 25 JJg/mL 50 ~g/lnL 
T 
6.5 7.5 8.5 6.5 7.5 8.5 6.5 7.5 8.5 
pH 
B 50 ~glmL 
oil: 
6.5 7.5 8.5 6.5 7.5 8.5 6.5 7.5 8.5 
pH 
Figure 5.3. pH effects on the toxicity of (A) linoleic acid and (B) oleic acid. 
Comparisons of mean cell viability of 4 replicate assay wells compared to ] % methanol 
control. Error bars are standard error. Statistical significance determined using ANOV A 
followed by a Dunnett's multiple comparison procedure with pH 7.5 as control. *** p < 
0.001, ** p < 0.01 * p < 0.05. 
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changes in oleamide concentration (0.11 ± 0.01) and changes in linoleamide 
concentration (0.11 ± 0.01) (p < 0.0001) (Fig. 5.4). There was no significant difference 
between oleamide and linoleamide (p > 0.05). The effect of pH on oleamide and 
linoleamide can be illustrated by examining the topology of the ANN-generated predicted 
toxicity model. When pH is held constant at its mean level, 8.1, and linoleamide and 
oleamide are allowed to increase across all their concentrations tested, a clear linear 
response can be observed for the effect of pH on linoleamide toxicity (left axis Fig. 5.5), 
while pH clearly increases the toxicity of oleamide, but this response is not linear (right 
axis Fig. 5.5). Interestingly, pH shows a clear effect on both linoleamide and 
oleamide when the acyl amides are at low concentrations (Fig. 5.5). This effect was 
exacerbated when pH was held constant at its highest level 9.0 (data not shown). 
When examining the ANN analysis for fatty acids, the R-squared values for the 
model and CV data sets were 0.87 ± 0.01 and 0.79 ± 0.02 with the model R-squared 
value for the model significantly greater than the CV (p < 0.01). Sensitivity analysis of 
the fatty acid data set indicated that pH was the factor most responsible for toxicity. The 
sensitivity of changes in pH (0.79 ± 0.01) was significantly higher than that of changes in 
the concentration of oleic acid (0.10 ± 0.03) and changes in the concentration of linoleic 
acid (0.11 ± 0.03) (p < 0.0001). The sensitivities of oleic acid and linoleic acid were not 
significantly different from each other (p > 0.05). Predicted toxicity using the ANN 
design indicated that only those concentrations of oleic and linoleic acid between 12.5 
and 50 J,lg/mL resulted in toxic responses. Exanlining the raw plate reader data shows 
that all wells with significant mortality (> 50%) have concentrations of oleic or linoleic 
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Figure 5.4. Rainbow trout gill cell viability is most sensitive to pH changes. Bars 
are mean sensitivity values of 20 ANN models. The sensitivity values are partial 
derivatives, i.e. as each input parameter is varied the other two are held constant. The 
partial deri vati ves are nOffi1alized to remove the effects of units and are scaled from 0 to 1 
with a value closer to 1 indicative of a greater influence of the variable. Error bars are 
standard error. **** p < 0.0001. Data analyzed using ANOV A followed by Tukey's 
multiple comparison procedure. 
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Figure 5.5. Predictive effects of pH on the toxicity of linoleamide and oleamide. 
Blue color indicates low toxicity while red indicates high toxicity. ANN topology model 
represents conditions in which pH value is held constant at 8.1 and linolearnide and 
oleamide are allowed to vary over their concentration ranges (J.lg/rnL). Ouput values are 
scaled between 0 and 1 with values approaching zero indicating greater toxicity. Arrows 
follow topologies illustrating that toxicity increases as linoleamide and oleamide 
concentrations increase. Asterisks designate areas of the model that illustrate observable 
changes in toxicity at low concentrations of fatty acid amides. 
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3 factor ANOV A analysis. Following analysis of the effect of acyl ami des at 
high (9.0) and low (7.5) pH, statistically significant differences (p < 0.000 1) were 
associated with each of the acyl amides and pH alone and for the interaction of oleamide 
and linoleamide, and the interaction of each fatty acid amide and pH. The interaction of 
oleamide, linoleamide and pH was not significant (p > 0.05) (Table 5.5). The three-way 
interaction was also not significant when con1paring pH treatments at 9.0 and 8.4 (data 
not shown). 
Following analysis of the effect of fatty acids at low (6.5) and high (7.5) pH, it 
was clear that decreasing the pH was the driving factor in toxicity. When treatments 
were compared in which concentrations of oleic acid and linoleic acid varied no 
significant differences were observed (Fig. 5.6 A & B). No significant differences 
were observed when comparing treatments in which mixtures of oleic acid and linoleic 
acid varied (Fig. 5.6 C). However, significant differences were observed when 
comparing treatments in which the two pH treatments were compared and treatments in 
which the concentrations of oleic acid and linoleic acid varied and pH was at 6.5 (Figs. 
5.6D-F). Treatments in which the concentration of oleic acid was high and pH was low 
did not differ significantly from treatments in which the concentration of linoleic acid 
was high and pH was low (Fig. 5.6 G). No significant differences were observed 
between low pH treatments when oleic acid concentrations were medium and low and 
treatments in which pH was low and linoleic acid concentrations were medium and low 
(data not shown). 
Effect of mUltiple abiotic factors lipid toxicity. No significant differences were 
observed in cell viability when c0111paring treatments at pH 8.4 and 9.0 alone and those 
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Table 5.5. ANOV A experimental design data. Data set generated by the 3 way 
ANOVA for the acyl acid amides, pH and their ~nteractions (n = 54). 
Compound or Interaction DF Type III SS Mean Square F Value Pr > F 
Ole amide 2 0.02545737 0.01272869 429.86 < 0.0001 
Linoleamide 2 0.01877604 0.00938802 317.04 < 0.0001 
Oleamide*Linoleamide 4 0.00323452 0.00080863 27.31 < 0.0001 
pH 1 0.02483267 0.02483267 838.63 < 0.0001 
Oleamide*pH 2 0.00133300 0.00066650 22.51 < 0.0001 
Linoleamide*pH 2 0.00246811 0.00123406 41.68 < 0.0001 
Oleamide*Linoleamide*pH 4 0.00020622 0.00005156 1.74 0.1624 
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Figure 5.6. Decreasing pH is the factor most responsible for the toxicity of fatty 
acids. Non-parametric analysis of fatty acid mixture factors comparable to ANOVA data 
generated in Table 5.5 for acyl amides. Comparisons of absorbance values (570 nm) of 
all combinations with (A) high, medium, and low concentrations of oleic acid. (B) high, 
medium, and low concentrations of linoleic acid. (C) oleic and linoleic acid at H = high; 
M = medium; L = low. (D) high pH and low pH. (E) high, medium, and low oleic acid 
at low pH. (F) high , medium, and low linoleic acid at low pH. (G) high oleic acid at low 
pH and high linoleic acid at low pH. Significance determined using the Mann-Whitney 
test for two combinations and the Kruskal-Wallis test followed by Dunn's multiple 
comparison procdure if significances were observed for groups of three or more. 
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treatments at pH 8.4 and 9.0 with CaCl2 and MgS04 added. However, significant 
decreases in cell viability were observed between pH treatments and pH treatments with 
the addition of FeS04 at 13 out of the 18 combinations tested (Fig. 5.7). When 
examining fatty acid amide concentrations at low levels, a 50% decrease in gill cell 
viability is observed at the LLH combination plus 1 JlM FeS04, that is when oleamide is 
at a concentration of 0.39 Jlg/mL and linoleamide is at a concentration of 0.09 JlglmL 
(Fig. 5.8). Addition of MgS04 and CaCl2 did not result in significant differences in cell 
viability. 
When oleic acid and linoleic acid were tested at 37.5 and 13.0 Jlg/mL respectively 
at pH 6.5 the viability loss was near 50% confirming our results from the previous 
experiment in which the HLL mixture resulted in a reduction in cell viability of 50% 
(Fig. 5.9 A). The addition of 1 JlM FeS04, 1.25 mM CaCI2, and 2.0 mM MgS04 to the 
fatty acid mixture all resulted in significant increases in toxicity when compared to the 
fatty acids at pH 6.5 alone (Fig. 5.9 A). Vehicle control (1 % methanol) at pH 6.5 and 
vehicle controls at pH 6.5 supplemented with the inorganic salts did not result in a 
significant reduction in cell viability compared to vehicle controls at pH 7.5. When the 
fatty acid mixture was tested at pH 8.5 no reduction in cell viability was observed 
confirming previous experiments (Fig. 5.9 B). The presence of 1 ~M FeS04 and 2.0 mM 
MgS04 resulted in significant reductions in cell viability, while 1.25 CaCl2 resulted in a 
significant increase in cell viability (5.9 B). Vehicle control (1 % methanol) at pH 8.5 and 
vehicle controls at pH 8.5 supplemented with the inorganic salts did not result in a 
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Figure 5.7. Addition of iron increases the toxicity of acyl amides at high pH. Bars 
represent gill cell viability compared to 1 % methanol control as the result of exposure to 
combinations listed on the x-axis (n = 3). Letters refer to concentrations in Table 5.3 and 
left to right are oleamide, linoleamide, and pH. Black bars are combinations at pH 8.4 or 
9.0 and gray bars are combinations at these pH levels plus the addition of 1 ~M FeS04. 
Error bars are standard error. Significant differences are * p < 0.05, ** p < 0.01, *** p < 
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Figure 5.8. FeS04 increases the toxicity of low concentrations of acyl amides. Bars 
represent cell viability compared to 1 % methanol control Cn = 3). LLH represents 
mixture of 0.39 Jlg/mL oleamide, 0.09 Jlg/mL linoleamide, and a pH at 9.0 with additions 
of 2 mM MgS04, 1.25 mM CaCI2, and 1 JlM FeS04. Significant differences were 
analyzed using ANOV A with a Dunnett's multiple comparison procedure using LLH as 
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Figure 5.9. Toxicity of fatty acid mixtures supplemented with inorganic metal salts. 
Reduction in gill cell viability exposed to a mixture of oleic acid of 37.5 Jlg/mL and 
linoleic acid of 13.0 Jlg/mL compared to fatty acid mixtures with inorganic metal salts 
added. Bars represent viability (% of control) of six replicate wells. Significant 
differences were determined using ANOV A followed by a Dunnett's multiple comparison 
procedure. * p < 0.05; ** p < 0.01; **** p < 0.0001. The mixture of fatty acids served 
as the control value in the statistical analysis for treatments at (A) pH 6.5 and (B) pH 8.5. 
Viability was determined by comparing value of treatment to the vehicle control at pH 
6.5 or 8.5 respectively which did not differ significantly from the vehicle control at pH 
7.5. 
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While the effect of physicochemical factors on the toxin content of harmful micro algae 
has been reported (Sivonen 1990; Anderson 1994; Johansson and Graneli 1999; Ray and 
Bagchi 2001) the effect of physicochemical factors on toxin activity itself has been 
receiving increasing attention (Johnston and Corbett 1985; Moeller et al. 2007; Jean et al. 
2010; Valenti et al. 2010; Bertin et al. 2012b). Here we report that environmentally 
relevant pH levels exert differential effects on the toxicity of fatty acids and acyl amides. 
This is the first study known to the authors that compares the toxicity of two lipid groups 
- that only differ by their terminal bond - to altered pH levels. When pH was adjusted to 
levels recorded from P. parvum bloom sites, the toxicity of acyl amides to rainbow trout 
gill cells increased and the toxicity of fatty acids decreased. 
Differential toxicity of fatty acids and acyl amides under varying pH regimes. 
For the fatty acids, this is likely explained by the ionization state of the molecule with 
more ionized fatty acid molecules present as the pH rises and more unionized molecules 
as the pH decreases increasing the hydrophobicity of the fatty acids and allowing them to 
interact to a greater extent with the gill cell membrane. When dissolved in water, acetic 
acid and propionic acid have pKa values of 4.74 and 4.87 respectively (Merck Index 
1996). The cis-12-monohydroxylated ricinoleic acid has a pKa of 6.0 and when mixed 
with chemical additives that increased the pH of the test solution, resulted in a reduction 
in ricinoleic permeability through porcine skin (Baynes and Riviere 2004). The pKa 
value lauric acid determined by acid-base titration was 7.5 (Kanicky et al. 2000). 
However, pKa determination and the aggregation of fatty acid molecules is complex and 
can be affected by carbon chain length and the complexation of fatty acids of different 
chain lengths (Kanicky and Shah 2003). In addition to the physicochemical effects of pH 
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on the ionization of the fatty acids, pH may affect how these compounds aggregate or 
form micelles leading to the observed increases and decreases in toxicity at different pH 
levels. 
The amide bond is not easily deprotonated because the resulting anion is less 
resonance stabilized than the corresponding carboxylate and the molecule would be 
neutral at the pH levels tested. The increased toxicity of acyl amides at increased pH 
levels may be due to physiological alterations of the gill cells themselves. The gill 
membrane is in constant contact with the surrounding environment and the physical state 
of the membrane is influenced by environmental parameters (Shivkamat and Roy 2005). 
Changes in temperature (Dey et al. 1993), salinity (Shivkamat and Roy 2005), and pH 
have all been shown to alter the composition of the gill membrane or alter histological 
and ultrastructure changes of cell types, cell size, and mucus production (Brunelli and 
Tripepi 2005). These biochemical changes in membrane composition may correlate to 
the uptake of chemicals as was observed with the uptake of 2, 4, 6-trichlorophenyl-4'-
nitrophenyl-ether in the shiner fish Gnathopogon caerulescens (Nakanishi et al. 1987). 
Alterations in membrane lipid composition may affect membrane and cellular processes 
in complex and varied ways, including ion transport, the properties of membrane-bound 
proteins, and the uptake of chemicals (Spector and Y orek 1985). The results of this 
current report allow us only to speculate as to the physiological changes that may result 
from the pH changes, which increase acyl amide toxicity, but it would be most interesting 
to investigate this further. 
Mixtures of fatty acids compared to mixtures of acyl amides. In this study we 
employed an approach using both machine learning tools and conventional parametric 
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and non-parametric statistical analyses to examine complex mixtures. For both fatty 
acids and acyl amides, pH is clearly the factor most responsible for the toxicity observed. 
Fatty acids become more toxic under the lowest pH level tested and acyl amides become 
more toxic under the highest pH levels tested. When examining the sensitivity, an 
incremental change in pH will result in the greatest increase in toxicity. ANN predictive 
modeling showed that pH increased the toxicity of very low concentrations of oleamide 
and linoleamide (Fig. 5.5). The ability of our ANN design to analyze wide ranges of acyl 
amide concentrations and pH levels proved very useful as these low concentrations of 
acyl amides would likely have resulted in no toxicity in single parameter assays and may 
have been ignored. The lowest concentrations of acyl amides tested in mixtures were 
predicted to demonstrate toxicity at high pH levels and these concentrations were -500 
times lower than the highest concentrations tested (Table 5.1). ANN analysis indicated 
that the toxicity of mixtures of fatty acids and pH were very different from that of acyl 
amides. Only mixtures in which the concentrations of the respective fatty acids were 
greater than 12.5 J.1g/mL were predicted to result in toxicity, indicating that the effect of 
low pH on low concentrations of fatty acids is much less potent than the effect of high pH 
on low concentrations of acyl amides. The results of the ANN analysis provided the 
framework for the 3 factor ANOV A design showing how these two tools complement 
each other. 
As acyl amides were more toxic than fatty acids over the entire concentration 
ranges tested in the ANN analysis, the concentrations that were chosen for the 3 factor 
ANOV A differed by one order of magnitude for each level (Table 5.3). By contrast, the 
fatty acid concentrations were less than 50 J.1g/mL and greater than 12.5 J.1g/mL. 
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Comparing the results of Table 5.5 and Figure 5.6, it is clear that acyl amides are more 
toxic individually, more toxic in chemical mixtures, and the toxicity of these compounds 
is increased by increasing pH. Fatty acids are only affected by pH changes (Fig. 5.6 O-
F), are less toxic individually (Fig. 5.6 A, B), and do not show increased toxicity in 
chemical mixtures without pH activitation (Fig. 5.6 C). The three way interaction of 
oleamide, linoleamide, and pH was not significant. This can be explained by comparing 
the means of oleamide and linoleamide at high pH, which are not significantly different 
(p > 0.05, data not shown). The lack of the three way interaction is also observed for 
fatty acids (Fig. 5.6 G). Combinations in which oleamide was at 0.39 f.1g/mL (1.4 f.1M) 
and linoleamide was at 0.09 J.1g/mL (0.32 f.1M) and pH was tested at 8.4 and 9.0 resulted 
in decreases of gill cell viability of 17 ± 5.3% and 34 ± 4.4% respectively. Combinations 
in which oleic acid and linoleic acid were at their lowest levels (both 13.0 f.1g/mL, 46 f.1M) 
and pH was at 6.5 resulted in a decrease in gill cell viability of 19 ± 3.6%. It must be 
noted that the low active concentrations of oleamide and linoleamide tested were 33 and 
144 times lower respectively than the lowest levels of fatty acids tested. In fact, no 
combination of fatty acids tested at pH 7.5 resulted in reduced viability compared to 
control, while every combination of the acyl amides tested at pH 7.5, 8.4, or 9.0 resulted 
in a decrease in cell viability except for the lowest concentrations tested at pH 7.5 (data 
not shown). The greater potency of acyl amides and the impact of pH on fatty acids can 
be illustrated by comparing high compound concentrations at low pH and low compound 
concentrations at high pH for acyl amides which do not show significant differences in 
toxicity (Fig. 5.10 A, B). However, low concentrations of fatty acids at low pH levels are 
significantly more toxic than high concentrations of fatty acids at high pH (Fig. 5.10 C, 
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Figure 5.10. Potency of acyl amides and pH-activation of fatty acids. The toxicity of 
high concentrations measured as a viability (% of control) of (A) oleamide and (B) 
linoleamide at low levels of pH is similar to low concentrations of the respecti ve acyl 
amides at high levels of pH. The toxicity of low concentrations of (C) oleic acid and (D) 
linoleic acid at low pH levels are significantly more toxic than high concentrations of the 
respective fatty acids at high pH levels. Significant differences determined using the 
Mann-Whitney test with a = 0.05. *** p < 0.001; **** p < 0.0001. 
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D). These results may indicate important differences in aquatic toxicity in which higher 
acyl amide concentrations may be toxic even when the pH in not high. 
Evaluating the cumulative effects of chemical mixtures is a challenging 
undertaking. In this chapter we have attempted to evaluate the interactions of acyl 
amides and fatty acids, as well as represent the potential toxicity of exposure during a P. 
parvum bloom event, i.e. high pH conditions. We attempted to evaluate the effect of low 
doses of chemicals with the lowest doses tested in the mixture analysis reflective of those 
concentrations found in the environment. This is germane to many environmental 
examples in which organisms are exposed to low doses of a complex range of chemicals 
(Teuschler et al. 2002). We calculated the predicted toxicity (combined response) of 
acyl amides and fatty acids at pH levels of 9.0 and 6.5 respectively using equations 
generated from dose-response curves at medium and low concentrations used in the 
mixture analysis above (Fig. 5.11). These predicted toxicity values were lower than the 
observed toxicities in mixture experiments. All combinations of acyl amides tested 
showed a greater than additive response when compared to the predicted mortality value 
(Table 5.6). The low concentrations of oleamide and linolearnide were not toxic when 
the compounds were tested individually at pH 9.0 (data not shown) and response addition 
would predict a combined mortality of 0.6%. However, when these compounds were 
mixed and tested at pH 9.0 against rainbow trout gill cells, 34 + 5% mortality occurred 
compared to control cells. Greater than additive responses were also observed for 
combinations of low concentrations of fatty acids. However, the medium combinations 
and medium and low combinations showed additive or less than additive interactions 
(Table 5.6). The synergistic response of low doses of acyl amides may point to a 
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Figure 5.11. Dose reponse curves used to calculate predicted toxicity. Points on each 
curve represent the mean of five data points fit using a polynomial. Equations used to 
predict toxicity are shown on each curve for (A) linoleamide at pH 9.0 (B) oleamide at 
pH 9.0 (C) linoleic acid pH 6.5 and (D) oleic acid pH 6.5. 
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Table 5.6. Predicted and observed toxicitJ:: of aCJ::I amide and fattJ:: acid mixtures 
Combination Oleamide (Jig/mL) [JIM] Linoleamide (flglmL) [JIM] Predicted Mortalitya (%) Observed Mortalityb Interaction (Observed 
(%) ± SE (n=3) vs. Predicted) 
MMH 3.12[11] 1.56 [5.6] 14.3 44.0 ± 5 Greater than additive 
MLH 3.12 [11] 0.09 [0.3] 5.0 36.0 ± 3.5 Greater than additive 
LMH 0.39 [1.4] 1.56 [5.6] 9.9 33.0 ± 3.7 Greater than additive 
LLH 0.39 [1.4] 0.09 [0.3] 0.6 34.0 ± 5.0 Greater than additive 
Oleic Acid Linoleic Acid 
MML 18.75 [66.3] 18.75 [66.8] 13.7 20.0 ± 9.0 Additive 
MLL 18.75 [66.3] 13.00 [46.3] 9.7 6.6 ± 2.0 Less than additive 
LML 13.00 [46.0] 18.75 [66.8] lOA 19.0 ± 5.0 Greater than additive 
LLL ] 3.00 [46.0J 13.00 [46.3] 6.4 21.0 ± 5.0 Greater than additive 
avalues calculated for individual COll1pounds using equations in Fig. 5.11. Predicted mortality values represent the addition of individual compound mortality 
values. E.g. MMH: predicted mortality of 3.12 /-Lg/mL of oleamide = 4.6%; predicted mortality of 1.56 /-Lg/mL of lin ole amide = 9.7%; addition = 14.3%. 
bvalues represent observed % 1110rtality (compared to control) from con1binations of compounds used in 3 factor ANOYA (cf. Tables 5.3 and 5.4). 
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mechanistic response of low doses of these compounds that do not necessarily occur at 
high doses as dose may effect mechanism (Teuschler et al. 2002). The mode of action of 
linoleamide and oleamide may be cell lysis at high concentrations. However, at low 
concentrations the mechanism may be those that have been described such as gap 
junction blockage (Guan et al. 1997) or manipulation of ion flow across the membrane 
(Liu and Wu 2003). Mechanistic studies, specifically focused on the effect of low doses 
should be carried out; keeping in mind that environmental processes could manipulate 
these mechanisms. 
r'fhe effect of chemical mixtures of acyl ami des and fatty acids and abiotic 
factors. In addition to the normal salinity, pH, and temperature changes that aquatic 
organisms contend with on a daily basis, the occurrence of algal blooms can release 
toxins into the water in an acute time frame. Other major toxicants of interest in aquatic 
ecosystems are trace metals, which are distributed in aquatic environments due to 
anthropogenic sources and chemical and physical processes and pose potential 
ecotoxicological risks (Chapman et al. 1998; Chen et al. 2012). In fish the primary target 
organ of metal contaminants is the gill (Pandey et al. 2008; Eyckmans et al. 2011). The 
bioa vail abi lity of trace metals to aquatic organisms depends on many water chemistry 
parameters such as pH and the presence of other cations and anions which can affect 
metal speciation, complexation, and resultant toxicity (Tao et al. 2001; Hong et al. 2011). 
Prymnesium parvum blooms generally occur in hypersaline inland waters with a high 
concentration of total dissolved solids, which has been attributed to discharges from 
natural resource extraction and natural groundwater composition high in divalent cations 
(Baker et al. 2009; Brooks et al. 2011). 
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Doubling the concentrations of CaCl2 and MgS04 in the cell media adjusted to pH 
8.5 did not result in a significant increase in the toxicity of acyl amides to rainbow trout 
gill cells. Adding FeS04 at a concentration of 1 f.lM significantly increased the toxicity 
of acyl amide treatment at pH 8.5. This may be due to the formation of a complex 
between iron and the lipid. However, it may be due to an interaction of the increased pH 
on the speciation of iron, which would oxidize ferrous iron (Fe2+) to its ferric form (Fe3+) 
where complexation with hydroxides result in Fe(OH)3, which may affect gill cell 
viability through physical damage (Dalzell et al. 1999). While the addition of 1 f.lM 
FeS04 and vehicle control at pH 8.5 did not affect gill cell viability compared to the 
vehicle control at pH 8.5, increasing the concentration to 125 f.lM FeS04 did show a 
reduction of viability in the vehicle control of 13% demonstrating that the FeS04 itself 
can become toxic at higher pH. 
Interestingly, addition of CaCI2, MgS04 , and FeS04 to a mixture of fatty acids at 
pH 6.5 with moderate toxicity resulted in a significant increase in toxicity (Fig. 5.9 A). 
At pH 6.5 more free cations would exist, increasing bioavailability (Di Toro et al. 2001; 
Tao et al. 2001). The increased toxicity may occur through initial permeabilization of the 
gill cells by the fatty acids with a subsequent toxic response due to ionic disregulation by 
the increased ion strength. Greater concentration of dissolved Fe2+ would exist at pH 6.5 
compared to 8.5, and dissolved iron has demonstrated disruption of sodium balance in the 
brook charr, Salvelinus fontinalis (Gonzalez et al. 1990). Lipid peroxidation of 
unsaturated fatty acid by Ca2+ and Mg2+ through cellular mechanisms has been shown to 
increase cytotoxicity to rat brain cellular suspensions (Kibanova et al. 2011). 
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Physiologically, gills have been shown to have less resistance at lower pH levels, which 
may playa role in absorbance of toxins and toxicants (Smith et al. 2006). 
At pH 8.5, while the mixture of fatty acids was rendered non-toxic, treatments 
with additions of FeS04 and MgS04 increased toxicity, while CaCl2 significantly 
decreased toxicity (Fig 5.9 B). In addition to the formation of iron oxides stated 
previously, toxicity may increase from ion pairing between Mg2+ and the ionized 
carboxylate increasing the hydrophobicity of the complex by neutralizing the charge (3M 
2001; Jeon et al. 2010). We cannot ascribe contributions of the anions to increased 
toxicity without further study. 
V. CONCLUSION 
We have shown that lipids that have demonstrated aquatic toxicity and only differ 
in their terminal functional group can be altered drastically by changes in pH and the 
addition of inorganic metal salts. At pH levels that reflect P. parvum blooms, mixtures of 
acyl amides show dramatic increases in toxicity, while fatty acid toxicity is reduced. 
However, fatty acids Inay contribute to toxicity even at high pH levels due to ion-pairing 
in high mineral water. The concentrations of oleamide and linoleamide that result in 50% 
lethality are...., 1 00 ~g/mL (355 ~M) and 28.8 ~g/mL (1 03 ~M) respectively when simple 
testing a single compound at neutral pH. However, when the experimental design more 
accurately simulates the bloom environment where the acyl amides would exist in a 
mixture, pH would be near 8.5 and dissolved solids and cations would be present, the 
concentrations of the acyl amides that result in 50% lethality are 0.39 ~g/mL (1.4 f.lM) 
and 0.09 ~g/mL (322 nM) respectively. This corresponds to reductions in the effective 
concentrations of --250 times and 320 times respectively. We used oleic and linoleic acid 
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in this study to control for the chemical composition of the two lipid classes. However 
conducting these experiments with the polyunsaturated fatty acids that have shown the 
greatest aquatic toxicity may reveal interesting differences. Further study is necessary to 
elucidate the complex chemistry and biogeochemistry that is involved in metal speciation 
and toxicity of lipids in aquatic environments. Confirming these results in whole animals 
is warranted; however, our in vitro design identified important parameters involved in 
toxicity and is a tool that can lead to a reduction in the amount of animals necessary for 
experimentation. We have utilized both machine learning tools and conventional 
statistics to analyze complex mixtures and our results highlight the potential role of 
physicochemical factors and their effect on algal toxins after they are released into the 





Prymnesium parvum and its associated toxicity. Chapters 2 through 5 describe 
a multidisciplinary approach to investigate and characterize the toxins responsible for P. 
parvum fish kills and the physicochemical parameters associated with an increase in the 
toxicity of these compounds supporting our claim that acyl amides and other nitrogen-
containing lipid molecules are the major toxins responsible for P. parvum fish kills. Our 
initial hypothesis proposed that an unidentified compound or compound class was 
responsible for the hemolytic, cytotoxic, and ichthyotoxic acti vities that have been 
historically ascribed to P. parvum toxins. We have characterized a suite of acyl amides, 
which have not been previously implicated in P. parvum toxicity. In the course of 
bioassay-guided fractionation, only lipophilic cOlnpounds, those eluting when the mobile 
phase of the HPLC analysis was predominantly an organic sol vent such as acetonitrile, 
displayed cytotoxicity. In addition to the acyl amides we have described in this report, 
there were other acyl amides that we were not able to isolate. Other nitrogen-containing 
lipids such as N-acylphosphatidylethanolamines (NAPE), N-acylethanolamines (NAE), 
alkamides, sphingolipids, and amino acid-conjugated fatty acids may also be present (Fig. 
6.1). These compounds are ubiquitous in nature and are found in plants (Chapman 2004; 
Kim et al. 2010; Kilaru et al. 2012). It would be most interesting to investigate the 
occurrence of these lipid molecules in microalgae, including P. parvum, and to determine 
their aquatic toxicity and any novel bioactivities they may demonstrate. Glycerolipids, 
glycolipids, free fatty acids, and other lipid molecules have been implicated as toxins in 
the microalgae (Parrish et al. 1998; Marshall et al. 2003; Henricksen et al. 2010), but 
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Figure 6.1. Nitrogen containing lipids found in plants. NAPE, N-acylphosphatidylethanolamine; NAE, N-





information on nitrogen-containing lipids is lacking. Our observation that acyl amides 
are more toxic than their corresponding fatty acids (Fig. 3.11) and that acyl amides 
become more toxic as the pH increases to levels typically found at P. parvum biooins 
makes this research avenue all the more significant. Seven of the molecules that were 
identified were primary acyl amides. The eighth molecule was linoleyl hydroxamic acid. 
The intention was to investigate and characterize the toxicity of this molecule to 
determine what the effect of increased pH would be on a nitrogen containing lipid that 
was not a primary acyl amide. A limited amount of purified linoleyl hydroxamic acid 
could be isolated from P. parvum cells, though not enough for full characterization of 
toxicity. Synthesis was attempted, but could not be completed, and efforts to acquire 
linoleyl hydroxamic acid from other laboratories did not materialize. Based on the 
toxicity results of the unsaturated acyl amides oleamide and linoleamide; the 
identification of hydroxamic acid bonds in fungi, yeast, and bacteria (Neilands 1967); and 
the biological activities and antimicrobial activity of synthetic hydroxamic acids 
(Matijevic-Sosa and Cvetnic 2005; Butovich and Lukyanova 2008), it is likely that 
linoleyl hydroxamic acid would contribute significantly to P. parvum toxicity. More 
polar compounds, such as the described prymnesins 1 and 2 (Igarashi 1999) were not 
isolated or observed in the course of this work. If these compounds \vere present, they 
did not appear to accumulate to lethal levels. Much of the previous research on the toxins 
of P. parvum describes lipid molecules directly such as the glycolipid hemolysins 
described by Kozakai et al. (1982) and the unsaturated fatty acids implicated by 
Henricksen et al. (2010) or lipid-like molecules suggested by Shilo (1967). Free and 
esterified fatty acids have been implicated as algal metabolites contributing to aquatic 
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toxicity for decades (Yasumoto et al. 1990; SeHem et a1. 2000). Fatty acids are often not 
classically thought of as algal toxins because typically high concentrations are necessary 
for lethality (Landsberg 2002). As fatty acids and acyl amides have similar elution times 
during HPLC collection, acyl amides may have been ignored in P. parvum research as 
fatty acid and lipid fractions would not be a polycyclic, polyether molecule of interest. 
Acyl ami des and their corresponding fatty acids differ by one mass unit and resonances in 
NMR analysis appear nearly identical. If protic solvents such as methanol are used in 
NMR analysis, the NH2 signal of the amide or the OH of the acid can be suppressed or 
lost due to fast proton exchange (Bringmann et al. 2000). 
Historically, examining the toxicity of P. parvum crude extracts and water 
samples on a variety of assay systems has led to discrepancies in the identification of 
toxins and the properties of these toxins. Hemolytic activity of extracts has been shown 
to increase at acidic pH levels (Yariv and Hestrin 1961), while cytotoxicity and 
icthyotoxicity has been shown to increase under basic pH conditions (Shilo and Aschner 
1953; Ulitzer and Shilo 1964; Valenti et a1. 2010). It is clear that different modalities of 
toxicity are governed by changes in pH (Meldhahl et a1. 1993). These observations have 
been clarified by the present study in which we demonstrate that the toxicity of different 
classes of lipid molecules is changed by altering pH levels. The extraction procedures 
used in the aforementioned studies used methanol, ethanol, or other organic solvents. 
These extracts would have contained fatty acids, acyl amides, and other lipid molecules. 
Adjusting the pH to acidic levels in hemolytic assays would enhance the toxic effects of 
fatty acids, while adjusting the pH to basic levels would enhance the toxic effects of acyl 
amides and ~ossib\y other nitrogen containing lipids. A.s the \?H of P. parvurn blooms are 
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typically> 8.0 (Lindholm et aI., 1999; Valenti et aI., 2010; Brooks et al. 2011), acyl 
amides are the more environmentally relevant lipid class involved in toxicity. In addition 
to using sheep red blood cells for hemolysis, mammalian cells for cytotoxicity, and larval 
fish for ichthyotoxicity, we employed rainbow trout gill cells as a model of the fish gill. 
Fish gill cells were utilized as a high-throughput alternative to mammalian cells for 
mixture analysis, as P. parvum toxins affect fish and aquatic organisms, but have not 
been implicated in adverse health effects of birds and mammals. Employing the fish gills 
at the beginning of this study throughout the bioassay-guided fractionation procedure, 
and adjusting the culture media to an environmentally relevant pH level such as 8.5 
would have identified toxins that have enhanced toxic effects at basic pH levels and 
discounted those cOlnpounds that have inhibited toxic effects at these levels. 
Biological role of acyl amides in P. parvum. Secondary metabolites, those 
compounds that are not involved in intermediary metabolism, may serve intrinsic 
functions in algal cells as signaling molecules and storage products, or extrinsic functions 
as defense molecules and metal scavenging anlong others (Plumley 1997). Oleamide and 
linoleamide are lipid signaling molecules in mammals that induce sleep (Cravatt et ai. 
1995) and possess a multitude of biological activities ranging from gap junction 
inhibition (Guan et ai. 1997) to vasorelaxation (Hoi and Hiley 2006). Their function in 
plants and algae is unknown, but there are examples of ubiquitous signaling molecules 
that fulfill roles in animals, plants, and algae such as melatonin and serotonin (Hardeland 
and Fuhrberg 1996; Arnao and Hemadez-Ruiz 2006). Historically, uncharacterized 
toxins produced by P. parvum were thought to playa role in allelopathy in nutrient 
limited conditions or predator deterrence (Graneli and Johansson 2003). Based on the 
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results presented here and previous investigations characterizing the toxicity of fatty 
acids to phytoplankton (Wu et al. 2006), acyl amides would likely be toxic to other 
species of microalgae and zooplankton predators, but to ascertain their function as 
allelopathic molecules or grazer deterrants would require experiments designed to 
examine if production of acyl amides is increased in the presence of competitors and 
predators and if nutrient limitation is required. Nitrogen and phosphorus limitation along 
with other stressors has been shown to increase the production of neutral storage lipids 
and fatty acids and a decrease in the production of structural polar lipids in micro algae 
(for review see Sharma et al. 2012). We did not compare acyl amide production from 
cultures grown under nutrient-lilnited conditions and nutrient-replete conditions. When 
acyl amide content of lipid extracts from mid-logarithmic growth phase cultures and 
cultures from late stationary phase both grown under nitrogen limitation were compared 
there was a large increase in acyl amide lipid content in the late stationary phase cultures. 
However, this may have been simply a function of increased cell density in the cultures. 
A comprehensive approach to quantifying acyl amide content in P. parvum could begin 
to address this question. Replicate cultures grown under nutrient-limited and nutrient 
replete conditions should be compared for acyl amide production, and production should 
be assessed across both logarithmic and stationary growth phases. The amount of acyl 
amides in P. parvum cells and the amount in the culture media should both be measured. 
This would aid in understanding if acyl amides are constitutively produced and secreted 
throughout the growth phase of P. parvum or if the the compounds are released into the 
environment as the result of cell lysis as cells are dying during late stationary phase. 
There is little information on the biosynthesis of acyl amides in mammals and less 
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is known in plants and microalgae. Acyl amides are hydrolyzed by the enzyme fatty acid 
amide hydrolase (FAAH) to a free fatty acid and NH3 (Farrell and Merkler). An FAAH 
has been described in the plant Arabidopsis thaliana (Shrestha et al. 2003). Conducting 
molecular and biochemical studies will be necessary to elucidate these pathways in P. 
parvum and experimentation under varying nutrient regimes and other environmental 
stress conditions will be necessary to assess how the conditions that lead to P. parvum 
blooms and toxicity affect the underlying molecular mechanisms involved in acyl amide 
synthesis. In plants, the acyl amide anandamide can be formed by the hydrolysis of 
larger NAPE molecules by phospholipase D (Pappan et al. 1998). Questions remain as to 
the source of acyl amides in P. parvum. Is their synthesis the result of hydrolysis of 
larger nitrogen containing lipid molecules or are they formed from the amidation of free 
fatty acids by an unknown enzyme using anlmonia as a substrate? The role of 
environmental amidases would playa role in the hydrolysis of acyl amides upon their 
release into the environment and it would be most interesting to investigate the role of the 
environmental conditions sun"ounding P. parvum blooms (increase in pH, increase in 
TDS) and their effect on enzyme function and their effect on available substrates. In 
vitro enzyme analysis indicated that F AAH catalyzed production of primary acyl amides 
from fatty acids and NH3 when pH was> 9 (Sugiura et al. 1996) and the anandamide 
synthesizing activity of F AAH predolninated at basic pH while hydrolysis predominated 
at more acidic pH levels (Kurahashi et al. 1997). The production of linoleyl hydroxamic 
acid likely results from an amidotransferase reaction using linoleamide and 
hydroxylamine as substrates via an undescribed enzyme. Hydroxamic acids are well 
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known metal chelators in nature (Neilands 1967) and the production of linoleyl 
hydroxamic acid and other undescribed hydroxamic acids in P. parvum may be the result 
of adaptation to compete for micronutrient metals in the inland environment of western 
Texas where TDS and metal content can increase due to natural resource extraction. 
However, examining the relative total metal content of collected water samples from P. 
parvum bloom sites in Texas using inductively-coupled plasma mass spectrometry did 
not show a significant relationship between metal content and toxicity (data not shown). 
More samples would be necessary to examine this relationship further, especial1y samples 
from high toxicity sites. 
Mode of action of acyl amides. Previous research on P. parvum toxins has 
shown that toxic effects occur at the gill (Yariv and Hestrin 1961; Ulitzer and Shilo 
1966). Only tadpoles in their gill-breathing stage of development were affected by toxic 
extracts of P. parvum (Shilo and Aschner 1953). Fish are sensitized upon immersion to 
toxic extracts and if fish are removed from the toxic solution and placed into fresh water, 
they may recover (Shilo 1967). This reflects observations in nature of fish moving to 
inflows and fresh water refugia during blooms. The results in this study support the gill 
as the site of action of P. parvum toxins. Acyl amides degraded gHl tissue in a dose-
dependent fashion (Fig. 3.10). We have begun experiments with juvenile striped bass, 
Morone saxitilis., which are a species affected by blooms in Texas. Groups of three fish 
were placed into three glass jars with 1 liter of deionized water at pH 7.0 supplemented 
with 5 mg of Instant Ocean®. Fish were exposed to treatments of 1, 10, and 100 Ilg/mL 
of oleamide for 24 hours. A solution of 1 % methanol served as a control. Fish were 
distressed within an hour of exposure to all three treatments, swimn"ling on their sides and 
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lying on the bottom of the jar. Control fish continued to swim upright. 100% mortality 
occurred in the 1 J.lg/mL treatments, while 66% occurred in both the 10 and ] 00 J.lg/mL 
treatments. The decrease in mortality at increasing concentrations may have been due to 
decreased solubility of oleamide at higher concentrations, reducing the bioavailability to 
fish. The fish may have been able to avoid oleamide micelles by swimming. However, 
the fish that died in the 100 J.lg/mL treatment did have hemorrhaging at the gill, mouth, 
and eye, similar to observations from fish kills in the wild (Fig. 6.2 A). Histological 
examination of the gill tissue showed lamellar thickening resulting from exposure of 
oleamide at 1 J.lg/mL and gill destruction at 100 J.lg/mL (Fig 6.2 B). The effect of 
oleamide was more potent to juvenile fish than larval fish, which may be due to the 
development of fully functioning gills, which the zebrafish larvae did not possess. This 
has been observed in previous studies (Deeds et al. 2006; Mooney et al. 2011). We 
cannot discount species differences and the presence/absence of abiotic factors. This 
study should be replicated and compared to treatments with pH adjusted to 8.5. 
Linoleamide should also be tested, and mixture experiments can utilize the 3 factor 
ANOVA design used previously (Table 5.3). 
pH effects on acyl ami des and fatty acids. Our results clearly show that pH was 
the chemical factor that affected the toxicity of acyl amides to the greatest extent. This is 
consistent with previous research demonstrating that increasing pH level increases the 
toxicity of toxic extracts of P. parvum and water samples from blooms (Shilo and 
Aschner 1953; Ulitzer and Shilo 1964; Valenti et al. 2010). Recently, in situ experiments 
in Lake Granbury Texas, an area frequently plagued by P. parvum blooms, showed that 
P. parvum bloom developnlent could be manipulated by altering pH level (Prosser et al. 
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A Control Treatment: 1 00 ~g/nlL 
B 
Control 1 mg/L 100 mg/L 
Figure 6.2. Effect of oleamide on juvenile striped bass. (A) Comparison of control fish exposed to 1 % methanol and treated fish 
exposed to 100 ug/mL of 01ean1ide at pH 7.0 and a salinity of 5 %0. Hemorrhaging can be observed at the eye and gill of the treated 
fish. (B) Histological sections of gill tissue from control fish and fish exposed to 1 ug/mL and 100 ug/mL. Black arrow denotes 
thickening of lamellar tissue in 1 Jlg/mL treatment. 
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In press). Higher pH levels (8.5) allowed bloom formation to occur and resulted in 
toxicity to aquatic organisms, while reducing pH to 7.0 and 7.5 did not allow blooms to 
form and did not result in aquatic toxicity. This appears to implicate a toxin that is 
activated by high pH levels, allowing P. parvum to dominate the phytoplankton 
community. Water bodies in West Texas, the location of re-occuring P. parvum blooms, 
generally have recorded pH levels> 8.0 due to climate and the underlying limestone 
bedrock (Valenti et al. 2010). Evolutionarily, for algae inhabiting high pH environments, 
the production of toxins that have enhanced toxicity at high pH levels, would serve as a 
selective advantage for competition with other microalgal species or predator deterrence. 
Prymnesium parvum bloom model. The persistence of P. parvum blooms in 
Texas and unprecedented events such as the bloom at Dunkard Creek after an increase in 
TDS, suggests that environmental factors are present that allow for P. parvum to 
dominate. These factors may be salinity changes, pH changes, or alterations in 
phytoplankton cOlnmunity dynamics and predation, or a combination of these factors. As 
a result, P. parvum cell densities increase raising the pH to greater levels as algal 
photosynthesis increases. As the bloom continues, nutrients become scarce and toxin 
production increases. Factors in the surrounding water enhance the toxicity on algal 
compounds due to physicochemical effects such as ion pairing with metals and fatty acids 
and acyl amides, or physiological changes to aquatic organisms. The ultimate result of 
the bloom is massive aquatic organism mortality (Fig. 6.3). 
Conclusions. We have presented clear evidence that acyl amides and other 
nitrogen- containing lipid molecules are the primary ichthyotoxins produced by the 
harmful alga Pryrnnesium parvum. We do not discount the possibility of fatty acids and 
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Figure 6.3. Hypothetical P. parvum fish kill event. See text for details. 
193 
High pH 




Nutrient lil11itation : 
increased toxin production 
Toxin release into 
high pH and high 
TDS environlnent 




















previously described prymnesins as contributing to toxicity. However, the strong 
relationship between increased pH and increased acyl amide toxicity, and the new 
information of the role of high pH in the development of P. parvum blooms further 
strengthens the argument of a pH-activated toxin. We have shown that acyl amides 
accumulate to lethal levels at least one bloom site. Acyl amide concentrations did 
correlate with higher toxicity sites in our sample set, but it should be noted that a site with 
an lTD value of 25 had a total amide concentration of 5 J.lg/L whereas the other 25 ITO 
samples had total acyl amide concentration> 100 J.lglL. Continued analysis and 
monitoring of P. parvum sites is necessary to determine if acyl amides are repeatedly 
identified. Geographic strains from other areas around the world should also be 
analyzed. We have developed new analytical tools for assessing the combined effects of 
mixtures of acyl amides and the effect of pH and metal salts on the toxicity of these 
mixtures. The use of machine learning tools such as ANNs can be expanded to include 
other variables such as increased p02 and time course. The experiments conducted in 
this report generally assessed toxicity after 24 hours. Prymnesium parvum blooms can 
last for several days and organisms would be exposed to toxins for longer than 24 hours. 
Furthermore, our studies were conducted as static non-renewal experiments, that is the 
toxin was mixed into the test media or water and toxicity was assessed as an endpoint 24 
hours later. Future experiments with both gill cells and whole animals could be 
conducted as static-renewal in which a test solution of the same concentration is replaced 
at a time point such as every 24 hours. Biological variables such as phytoplankton 
community composition can be examined in addition to chemical and physical 
parameters. The goal of such analysis will be to provide resource managers and federal 
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and state agencies with the best information available on parameters that give rise to a 
bloom event and the factors that can increase toxins once they are released. The complex 
mixture study carried out in this work can be used to study the effect of physicochemical 
factors on a variety of persistent organic pollutants and also the effects of 
pharmaceuticals that are released into the environment. These compounds are typically 
designed to have ionizable subunits and tend to bioaccumulate (Halling-Sorensen et al. 
1998). Interestingly, previous work implicating an aggregate of unsaturated fatty acids 
and glycoglycerolipids involved testing all compounds individually to mammalian cells 
and fish, but did not test the combined toxicity of multiple lipid compounds (Henrisken et 
al. 2010). Also pH was not adjusted to reflect that of P. parvum blooms. Our results 
indicate that these compounds would be less toxic at high pH levels. Prymnesin 1 and 2 
(Fig. 1.5) were also not tested to assess their combined effects. The ionizable amine 
group on these molecules would be less ionized at high pH levels as in silico analysis 
indicates (Valenti et al. 2010). It would be interesting to determine the effects of pH on 
prymnesin 1 and 2 in vitro and in vivo. 
Field and laboratory studies have documented that the cell density of P. parvum 
blooms does not necessarily correlate with toxicity (Baker et al. 2009; Brooks et al. 
2010). There is evidence that certain in-lake populations of P. parvum with high cell 
densities do not display toxicity to aquatic organisms (Schwierzke et al. 2010). This is 
generally attributed to lack of toxin production in the organism due to environmental 
conditions that are not conducive to production. However, this work has demonstrated 
that these differences could also be do to environmental parameters affecting the toxin 
itself or conditions that increase the susceptibility of aquatic organisms to the toxin. We 
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have demonstrated that future research in the field of toxin chemistry should not ignore 
water chemistry parameters, especially those such as high pH that are a hallmark of algal 
blooms. The reassessment of the potency of known toxins with ionizable groups such as 
domoic acid and saxitoxin under environmentally relevant pH regimes may reveal 
interesting new differences. 
The results presented in this work demonstrate that the environment in which 
algal toxins and other toxicants are released or persist can alter them, increasing their 
affect on aquatic organisms dramatically. We have provided new tools for analyzing 
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2. Trace metal solutions 
MnCI2'4H20 
ZnS04'7H20 (4 g/100 mL) 
CoCI2'6H20 (0.8 g/100 mL) 
Na2Mo04'2H20 (2 g/100 mL) 
Na3V04'nH20 (0.2 g/100 mL) 
H2Se03 (0.4 g/IOO mL) 
dH20 
0.2 g/100 mL 
14 g/100 mL 
0.2 g/100 mL 
2.2 g/IOO mL 
3.0 g/IOO mL 
1.0 g/100 mL 
0.5 g/100 mL 
1.0 g/100 mL 
0.1 g/100 mL 







to 500 mL 
3. Vitamin primary stock solutions 
Biotin 0.01 g/IOO mL 
Cyanocobalamin (B 12) 0.1 gl100 mL 
Pyridoxine (B6) 0.01 g/100 mL 
Note: Vitamin B 12 and Biotin are obtained in a crystalline form. When preparing the 
Vitamin B 12 Stock Solution allow for approximately 11 % water of crystallization (For 
each 1.0 mg of Vitamin B12 add 0.89 ml dH20). When preparing the Biotin Stock 
Solution allow for approximately 4% water of crystallization (For each 1.0 mg of Biotin 
add 9.6 ml dH20). 
Keep the vitamin solutions frozen. Bottles of polyethylene are recommended for storage 
of vitamins. 
4. Vitamin primary stock solutions 
1) Dissolve 10 mg Thiamine HCl (Vitamin B1) in ca. 80 mL dH20 in ca. 950 mL dH20. 
2) Add 20 mL of the biotin primary stock solution. 
3) Add 1 mL of the cyanocobalamin primary stock solution. 
4) Add 1 mL of the pyridoxine primary stock solution. 
5) Fill with dH20 to 1000 mL. 
The vitamin working stock solution is divided into 10 mL lots in polyethylene vials and 
kept frozen until use. 
5. Final preparation of the media 
To 950 mL dH20 add 400 mg MES buffer, 1 mL of each of the stock solution (begin 
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with Fe-citrate and citric acid), 1 ml of the trace metal solution and 1 mL vitamin 
solution. Make final volume up to 1 L with dH20. Adjust pH to 6.6 and autoclave. 
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APPENDIXB 
Table Bl. Regression analysis of Exp 1 data set using SAS 9.3. Significant 
parameters are highlighted in bold. 
The SAS System 
The REG Procedure 
Model: Exp 1 
Dependent Variable: Toxicity 
Number of Obsef1Jations Read 96 
Number of Observations Used 95 
Number of Obsef1Jations with Missing Values 1 
Analysis of Variance 
Sumo! Mean 
Source DF Squares Square F Value Pr>F 
Model 7 
Error 87 










9-cis*9. 12-cis 1 
9-cis*Hex 1 
9,12-cis*Hex 1 
9-cis*9, 12-cis*Hex 1 
6.77085 0.96726 43.23 <.0001 
1.94647 0.02237 
8.71731 
0.14958 R-Square 0.7767 
0.89233 Adj R-Sq 0.7587 
16.76256 
Parameter Standard 
Estinlate Error t Value Pr> It! 
1.11572 0.02393 46.63 <.0001 
-17.43148 1.58481 -11.00 <.0001 
-11.66272 3.25402 -3.58 0.0006 
-1.73945 0.56734 -3.07 0.0029 
254.65476 183.89425 l.38 0.1697 
232.81874 73.49591 3.17 0.0021 
168.27767 70.19908 2.40 0.0187 
-21133 5378.32650 -3.93 0.0002 
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Table B2. Regression analysis of Exp 2 data set using SAS 9.3. Significant 
parameters are highlighted in bold. 
The SAS System 
The REG Procedure 
Model: Exp 2 
Dependent Variable: Toxicity 
Number of Observations Read 96 
Number of Observations Used 96 
Analysis of Variance 
SUln of Mean 
Source DF Squares Square F Value Pr>F 
Model 7 
Error 88 









9-cis *9, 12 -cis 1 
9-cis*Hex 1 
9, 12-cis*I-Iex 1 
9-cis*9. 12-cis*Hex 1 
4.11160 0.58737 12.46 <.0001 
4.14825 0.04714 
8.25985 
0.21712 R-Square 0.4978 
0.43593 Adj R-Sq 0.4578 
49.80550 
Parameter Standard 
Estimate Error t Value 
1.00519 0.13267 7.58 
-10.79864 3.40325 -3.17 
-8.70695 4.22879 -2.06 
0.43922 3.99439 0.11 
90.33587 107.96623 0.84 
12.41548 89.66731 0.14 
-71.55919 109.70591 -0.65 
1454.53609 2517.12945 0.58 
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Table B3. Regression analysis of Exp 1 and Exp 2 data set combined using SAS 9.3. 
Significant parameters are highlighted in bold. 
The SAS System 
The REG Procedure 
Model: Exp 1 & Exp 2 
Dependent Variable: Toxicity 
Number of Observations Read 192 
Nunlber of Observations Used 192 
Analysis of Variance 
Sum of Mean 
Source DF Squares Square F Value Pr>F 
Model 7 
Error 184 









9-cis*9, 12-cis 1 
9-cis*Hex 1 
9, 12-cis*Hex 1 
9-cis*9, 12-cis*Hex 1 
20.20127 2.88590 76.68 <.0001 
6.92526 0.03764 
27.12653 
0.19400 R-Square 0.7447 
0.66529 Adj R-Sq 0.7350 
29.16087 
Parameter Standard 
E'stimate Error t Value Pr> Itl 
1.10819 0.02839 39.04 <.0001 
-14.82540 1.39138 -10.66 <.0001 
-11.22359 2.41866 -4.64 <.0001 
-1.25875 0.62960 -2.00 0.0471* 
189.93161 68.74987 2.76 0.0063 
55.67681 27.46528 2.03 0.0441* 
-11.81824 42.71345 -0.28 0.7823 
-227.90965 1103.35263 -0.21 0.8366 




Table e.l. Data table for ANN modeling. Table values indicate the concentration of 
oleic acid, linoleic acid, pH level, and the resulting toxicity value from the mixture 
experiment described in the Materials and Methods section of Chapter 5. 































































































































0.39 12.50 7.2 0.151 
0.78 0.39 7.4 0.142 
0.19 0.39 8.2 0.130 
25.00 0.78 8.0 0.149 
0.78 6.25 7.6 0.137 
12.50 1.56 7.2 0.173 
25.00 0.78 6.4 0.171 
0.39 25.00 6.8 0.177 
25.00 50.00 7.0 0.102t 
0.78 0.78 8.2 0.128 
0.39 50.00 7.2 0.164 
50.00 0.39 6.8 0.157 
25.00 1.56 6.8 0.165 
3.12 0.39 6.8 0.142 
50.00 25.00 6.6 0.047t 
1.56 50.00 7.8 0.164 
1.56 25.00 7.4 0.155 
0.39 1.56 7.6 0.137 
0.39 6.25 6.6 0.148 
3.12 0.19 7.0 0.143 
25.00 0.19 8.2 0.137 
0.39 0.39 8.0 0.134 
0.09 0.39 7.4 0.136 
50.00 0.78 7.2 0.194 
0.39 6.25 7.4 0.141 
0.19 0.78 6.8 0.138 
0.19 25.00 6.6 0.143 
12.50 6.25 6.8 0.164 
3.12 6.25 7.0 0.156 
25.00 0.78 7.0 0.173 
25.00 50.00 7.6 0.126 
1.56 0.09 6.6 0.149 
50.00 0.09 7.0 0.175 
0.39 6.25 7.6 0.144 
0.39 50.00 7.0 0.182 
3.12 6.25 7.4 0.161 
25.00 6.25 7.4 0.176 
0.39 0.09 7.8 0.142 
0.09 0.39 6.6 0.149 
0.78 0.09 6.4 0.151 
3.12 1.56 7.4 0.147 
25.00 6.25 7.8 0.163 
0.78 1.56 6.8 0.141 
0.39 0.19 7.0 0.144 
0.39 0.09 7.0 0.145 
3.12 50.00 7.8 0.170 
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12.50 0.09 6.6 0.148 
12.50 6.25 6.8 0.161 
25.00 25.00 8.2 0.147 
0.09 6.25 6.8 0.141 
0.78 0.09 6.4 0.146 
12.50 0.19 8.2 0.141 
0.78 6.25 7.2 0.155 
0.78 6.25 7.8 0.155 
37.50 37.50 6.5 0.044t 
37.50 37.50 6.5 0.044t 
37.50 37.50 6.5 0.042t 
18.75 37.50 6.5 0.048t 
18.75 37.50 6.5 0.054t 
18.75 37.50 6.5 0.049t 
18.75 18.75 6.5 0.175 
18.75 18.75 6.5 0.130 
18.75 18.75 6.5 0.183 
18.75 37.50 7.5 0.225 
18.75 37.50 7.5 0.227 
18.75 37.50 7.5 0.213 
18.75 18.75 7.5 0.200 
18.75 18.75 7.5 0.196 
18.75 18.75 7.5 0.193 
37.50 18.75 6.5 0.046t 
37.50 18.75 6.5 0.048t 
37.50 18.75 6.5 0.047t 
37.50 18.75 7.5 0.194 
37.50 18.75 7.5 0.211 
37.50 18.75 7.5 0.210 
13.00 37.50 6.5 0.143 
13.00 37.50 6.5 0.135 
13.00 37.50 6.5 0.134 
13.00 18.75 6.5 0.162 
13.00 18.75 6.5 0.147 
13.00 18.75 6.5 0.174 
13.00 18.75 7.5 0.192 
13.00 18.75 7.5 0.197 
13.00 18.75 7.5 0.190 
13.00 37.50 7.5 0.211 
13.00 37.50 7.5 0.197 
13.00 37.50 7.5 0.191 
13.00 13.00 6.5 0.171 
13.00 13.00 6.5 0.148 
13.00 13.00 6.5 0.166 
13.00 13.00 7.5 0.178 


































a Toxicity measured as absorbance at 570 nrn 
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